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ABSTRACT
The a n a e r o b ic  m e ta b o l ism  o f  t h e  I n t e r t i d a l  r ib b e d  m u s s e l ,  G eukens la  
d e m is sa  (* H o d ic in g  d e m la au s ) . l a  r e p o r t e d  In  t h i s  d i s s e r t a t i o n .  T h is  
m o l lu s c  was s e l e c t e d  b e c a u se  a n a e r o b i c  m e ta b o l is m  i s  b e l i e v e d  t o  be o f  
v i t a l  s i g n i f i c a n c e  t o  I t s  s u r v i v a l  d u r in g  t h e  a i r  e x p o su re  p e r io d  o f  th e  
t i d a l  c y c le .
Ribbed m u s s e l s ,  G eu k en s la  d e m ia a a . w ere  m a in ta in e d  i n  e i t h e r  a e r a t e d  
o r  hypox ic  w a te r  f o r  up t o  f o u r  d a y s .  M ajo r m e t a b o l i t e s  a n d  p o l y s a c c h a r i d e  
o f  e ac h  m ussel w ere  t h e n  a n a ly z e d  and co m p ared .  S u c c i n a t e ,  p r o p io n a te  and 
a l a n i n e  were fo u n d  t o  a c c u m u la te  h y p o x i c a l l y ,  b u t  no t m s l a t e ,  o t - k e to - g lu -  
t a r a t e ,  c l s - a c o n l t a t e ,  c i t r a t e ,  i s o - b u t y r a t e ,  b u t y r a t e ,  i s o - v a l e r a t e ,  l a c ­
t a t e  and p y r u v a te .  The p o l y s a c c h a r i d e  c o n t e n t  o f  each m u s s e l  was q u i t e  
d i f f e r e n t  and d i d  n o t  show a  c l e a r  I n d i c a t i o n  o f  d e c r e a s e  u n d e r  t h e  h y p o x ic  
c o n d i t i o n .
P ro p io n a te  p r o d u c t i o n  f o l lo w e d  s u c c i n a t e  a c c u m u la t io n ,  w hich c o r r o b o ­
r a t e s  an  e a r l i e r  r e p o r t  f o r  M y ti lu B  e d u l l B . The l i n e a r  i n c r e a s e  o f  a l a n i n e  
c o n c e n t r a t i o n  w i t h  h y p o x ic  p e r i o d  o b s e r v e d  i n  t h i s  s t u d y ,  has  n o t  b een  r e ­
p o r t e d  p r e v i o u s l y .
The r e s u l t s  o f  t h i s  s tu d y  a r e  c o n s i s t e n t  w i th  th o s e  o f  M y t i lu s  e d u l i s ,  
Cardium  e d u le . a n d  A nodon ta  c y g n a a . b i v a l v e s  w h ic h  have r e c e n t l y  been  
s t u d i e d  in  E u ro p e ,  T h i s  a g re e m e n t  s u g g e s t s  t h a t  b i v a l v e s  have  a  s i m i l a r  
a n a e r o b ic  m e ta b o l i c  schem e.
A h y p o t h e t i c a l  scheme o f  a n a e r o b i c  m e ta b o l i s m  o f  b i v a l v e s  I s  p ro p o se d  
i n  w hich  redox  b a l a n c e  i s  a c h i e v e d  i n  b o th  c y t o s o l  and m i t o c h o n d r i a .  T h i s  
scheme i n c o r p o r a t e s  p a r t s  o f  t h e  E m bden-M eyerhof-T arnae  g l y c o l y t i c  p a t h ­
w a y s ,  carbon d i o x i d e  f i x a t i o n ,  t h e  K rebs  c y c l e ,  t r a n s a m i n a t i o n ,  and p a t h ­
ways f o r  p r o p i o n a t e  f o r m a t io n .  To d a t e ,  t h i s  i s  th e  o n ly  b i v a l v e  a n a e r o b ic  
scheme which c o n t a i n s  a l l  t h e s e  e s s e n t i a l  c o n s i d e r a t i o n s .
v i t l
ANAEROBIC METABOLISM OF THE 
RIBBED MUSSEL, GBUKEHSIA DEMISSA
IHTROEUCTION
The a b i l i t y  o f  m o l l u s c s ,  s u c h  a s  Sydosmya a l t o , t o  l i v e  In deoxy­
g e n a t e d  w a t e r  and s u r v i v e  f o r  more t h a n  t h r e e  d a y s  h a s  long  been  r e c o g ­
n i z e d  (M oore, 1 9 3 1 ) .  T h i s  c a p a b i l i t y  f o r  many m o l lu s c s  t o  s u rv iv e  under  
a  c o n d i t i o n  o f  low oxygen  a v a i l a b i l i t y  n o t  o n ly  a l lo w s  them to  w i th s ta n d  
a  t e m p o ra ry  a n o x ic  c o n d i t i o n  b u t  a l s o  e n a b le s  them t o  f u n c t io n  In th e  oxy­
g en  d e f i c i e n t  h a b i t a t s  f o r  a t  l e a s t  p a r t  o f  t h e i r  l i f e  c y c l e  (Theede e t  a l . .
1969)♦  I t  Ifl p r o b a b l y  im p o r ta n t  f o r  t h e  i n t e r t i d a l  b i v a l v e s  b e c a u se  th ey
may n o t  b e  a b l e  t o  e x t r a c t  enough o x y g en  from  t h e  a i r  to  s u s t a i n  a e r o b ic  
m e ta b o l ism *  The r i b b e d  m u s s e l ,  G ftukensla  d e m ia aa  (=* M odio lus  d e a i s a u a ) 
w h ic h  d w e l l s  i n  t h e  h ig h  i n t e r t i d a l  zo n e  and i s  a b u n d an t  a lo n g  th e  A t l a n t i c  
c o a s t  o f  t h e  U n i te d  S t a t e s  I s  a  good exam ple o f  such  a n  o rg an ism . Gaukens la  
d e m ia aa  a r e  u s u a l l y  found  In  c lum ps among r o o t s  o f  c o r d g r a s s ,  S p a r t l n a  a p . ,  
h a l f  embedded i n  t h e  mud o f  s a l t  m a r s h e s  ( L e n t ,  1 9 6 7 ) .  D uring a i r  ex p o su re ,
t h e i r  r a t e  o f  oxygen  co n su m p tio n  l a  r e d u c e d  ( K u e n z l e r ,  1961; tfiddows e t  a l . ,
1979) a n d  t h e  p r im a r y  pa thw ays  o f  m e ta b o l is m  I n  t h e  d eep  t i s s u e  a r e  b e l ie v e d  
t o  b e  a n a e r o b i c  b e c a u s e  t h e i r  oxygen t r a n s p o r t  s y s te m  I s  i n e f f i c i e n t  (booth  
an d  Mangixm, 1978) »
The r e c e n t  p r o g r e s s  o f  u n d e r s t a n d i n g  m o l lu s c a n  a n a e r o b ic  me t a b o i l  am 
l a  b r i e f l y  p r e s e n t e d  I n  T a b le  1 . I n  t h e  f r e s h w a t e r  g a s t r o p o d s  s t u d i e d  by 
Von G rand e t  a l*  (1950) and  tfeblman an d  Von B rand  (1 9 5 1 ) ,  l a c t a t e  and v o la ­
t i l e  f a t t y  a c i d s  w ere  found  to  a c c u m u la te  a n a e r o b i c a l l y .  B iv a lv e  a n a e ro b ic  
m e ta b o l i s m  was n o t  i n v e s t i g a t e d  I n  d e t a i l  u n t i l  De Zwaan and h i s  c o l l a b o r a t o r i
2
3TABLE 1
A CHRONOLOGY OF MOLL US CAN ANAEROBIC METABOLISM
I .  Fresh Water Gastropoda
A, M e ta b o l i te  a n a ly s i s
Anoxic c o n d i t io n  
L a c ta t e  accum ula tion
Anoxic co n d i t io n  
P ro p io n a te  and a c e t a t e  
accum ula tion
Lymnaea s ta g n a lls  
Lymnaea n a ta len a la
A u s t r a l o r b i s  
g l a b r a t u s  
Hellaoma diary 1
I I .  Bivalves
A< Carbon-14 l a b e l l i n g  s tu d ie s
S u c c in a te  f ix e s  a t  M antle  o f  o y s te r  
th e  h ig h e s t  r a t e  among C r a s s o e t r e a
Krebs cy c le  ln te rm e d l-  v i r n l n i c a
a t e s
S u c c in a te  and a l a n i n e  
a s  end  p roducts  o f  
l^C -g lucdse(U ) 
d e g ra d a t io n
B. Enzyme a c t i v i t y  s t u d i e s
AnOxic c o n d i t io n
Fum arate  re d u c ta se  > 
S u c c in a te  dehydro* 
gennee
Anoxic c o n d i t io n
FEP csrboxykirtflse > 
P y ru v a te  k inase
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employed th e  m ethods o f  m e t a b o l i t e  a n a l y s i s .  They found t h a t  s u c c i n a t e ,  
a l a n i n e  (De Zwaan and  Zandee, 1972b) and v o l a t i l e  f a t t y  a c ld a  (K luytm ans 
e t  a l * ,  1975) accu m u la ted  when s e a  m u s s e l s ,  M y ti lu a  e d u l l s , were h e ld  u n d e r  
a  c o n t r o l l e d  a n a e r o b ic  c o n d i t i o n .  Some e a r l i e r  s t u d i e s  a l s o  s u g g e s te d  th e  
a c c u m u la t io n  o f  s u c c i n a t e  and a l a n i n e ,  a s  w e l l  a s  a  r e v e r s a l  o f  p a r t  o f  th e  
K rebs  c y c le  which I n c o r p o r a te s  c a rb o n  d i o x i d e  d u r in g  b i v a l v e  a n a e r o b ic  me­
ta b o l i s m :
p h o s p h c e n o lp y ru v a te  + CO2  ■+ o x a l o a c e t a t e  -+ m a la te  ■+ fu m a ra te  -> s u c c i n a t e  
(Hamtnen, 1966; S to k e s  and Awapara, 1968; Wegener e t  a l , , 1969; Hochachka 
and M usta fa , 1 9 7 2 ) .  The m ast r e c e n t  work on a n a e r o b ic  m etaboLlsm  u t i l i z e d  
M y tl lu s  e d u l l s  (De Zwaan and Z andee , 1972b; De Zwaan and M a r re w ljk ,  1973a, 
b ;  De Zwaan e t  a l - ,  1973; Loxton and C h a p l in ,  1973; K luytm ans ,e t  a l . ,  1975; 
De Zwaan e t  a l , , 1975; Kluytmans and De Zwaan, 1976; K luytm ans e t  a l . ,  1977 
Wlddows e t  a l . , 1 9 7 9 ) ,  C a r d l tan e d u le  (G ade, 1 9 7 5 ) ,  and A nodonta  cygnea 
(Gade e t  a l - ,  1 9 7 5 ) .  R e a c t io n s  c o n s i s t e n t  w i th  a  s i m i l a r  a n a e r o b ic  me­
t a b o l i c  scheme h a v e  a l s o  been  found In  su ch  o t h e r  I n v e r t e b r a t e  o rg a n is m s  
a s  t h e  sea  anemone, Dladumene l e u c o l e n a  ( E l l i n g t o n ,  1 9 7 7 ) ,  t h e  o l l g o c h a e t e ,  
Tub I f  eat sp . ( S c h o t t l e r ,  1975, 1977a , b ,  1978; S c h o t t l e r  and S c h r o f f ,  197 6 ),  
t h e  p o ly c h a e te s ,  A r e n l c o l a  m a r in a  {Zebe, 1975; S u r h o l t ,  1977) and Lum brlcus 
s p .  (G runer and Z ebe , 197B), and th e  i n s e c t ,  Chlronomua sp* (A u g e n fe ld ,  
1966; V i lp s  and Z eb e ,  1976).
Four m ajo r  schemes o f  a n a e r o b ic  m e ta b o l ism  have  b e en  o b se rv ed  and  a r e  
h e r e i n  d e s ig n a te d  ( F ig u re  1) a s
(A) l a c t a t e  f e r m e n ta t io n ;  mammals and  some p a r a s i t i c  worms 
(S ch is to so m a  manson1) ;
(B) e th a n o l  f e r m e n ta t io n ;  y e a s t s ;
FIGURE 1. FOUR MAJOR ANAEROBIC METABOLIC SCHEMES,
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6(C + D) s u c c i n a t e - p r o p i o n a t e - a c e t a t e  f e r m e n ta t I o n :  p o t a s £t i c
h e lm in th s  ( t h e  p ig  roundworm, As c a r l e  lu m b r lc o id e s  
[rev iew : S a s ,  1969, 1970, 1 9 7 1 ] ) ;  and
(D + E) s u c c l n a t e - p r o p l o n a t e - a l a n i n e  fe rm e n ta t io n . ;  b i v a l v e s
[rev iew ; De Zwaan e t  a l , ,  1976; De Zwaan and  W ijsman,
1976; De Zwaan, 1977 b  
Of th e  t h r e e  m ajor m e t a b o l i t e s  which accu m u la te  d u r in g  b i v a l v e  a n ae ro ­
b ic  m e ta b o lism  ( s u c c i n a t e ,  p r o p i o n a t e ,  and a l a n i n e ) ,  t h e  fo r m a t io n  o f  sue* 
c l n a t e  th ro u g h  a r e v e r s a l  o f  p a r t  o f  th e  K rebs c y c le  
o x a l o a c e t a t e  ■+ m a la te  -+ fu m a ra te  -+ s u c c in a t e
i s  a c c e p te d ;  p ro p io n a te  ia  p ro b a b ly  g e n e r a te d  by th e  d e c a r b o x y l a t i o n  o f  s u c ­
c i n a t e  (Tkachuck e t  a l * ,  1977; Saz e t  a l , ,  1978);  and  th e  o r i g i n  o f  a l a n i n e  
i s  s t i l l  c o n t r o v e r s i a l .  S to k e s  and Awapara (1966) s u g g e s te d  t h a t  i n  Kangla 
c u n e a t a . th e  a l a n i n e  accu m u la ted  d u r in g  a n a e ro b ic  m e ta b o l ism  was fo rm ed  by 
t r a n s a m i n a t io n  o f  p y ru v a te  w i th  amino ac id s#  Such t r a n s a m i n a t i o n  r e a c t i o n s  
were a l s o  shown f o r  G aokensia  dem issa  and M y tl lu a  e d u l l s  by Read (1 9 6 2 ) .
L a t e r ,  Hochachka and h i e  c o l l a b o r a t o r s  f u r t h e r  p o s t u l a t e d  t h a t  d u r in g  m ol­
lu s c  an a n a e r o b l o s l s ,  amino a c i d s  were s im u l ta n e o u s ly  m o b i l i z e d  w i th  c a r b o ­
h y d r a te s  i n  o r d e r  to  g e n e r a t e  energy  and m a in t a in  r e d o x  b a la n c e  (Hochachka 
and M u sta fa ,  1972; Hochachka and Comoro, 1973; Hochachka e t  a l . ,  1973; 
Hochachka, 1976; C o l l i c u t t  and Hochachka, 1 9 7 7 ) .  However, De Zwaan an d  h i s  
cow orkere  found t h a t  a l a n i n e  p ro b a b ly  o n ly  accu m u la te d  i n i t i a l l y ;  t h e y  d i s ­
p u ted  b o th  t h e  t r a n s a m in a t io n  o r i g i n  o f  a l a n i n e  and t h e  s im u l ta n e o u s  m o b i l -  
l z a t l o n  o f  amino a c id s  d u r in g  b i v a l v e  a n a s r o b io a l s  (De Zwaan and Van M a r re w l jk ,  
1973a; Gade e t  a l # ,  1975; De Zwaan a t  a l . ,  1975; De Zwaan e £  a l * , 1976 ;
De Zwaan and Wijsman, 1976; De Zwaan, 1977; Kluytmans e t  a l , ,  1 9 7 7 ) .  They 
p r e s e n te d  no a l t e r n a t i v e  e x p l a n a t i o n ,  and t r a n s a m i n a t i o n  was s t i l l  p ro p o s e d  
a s  th e  s o u rc e  o f  a l a n i n e  i n  t h e i r  m e ta b o l ic  pathw ays (De Zwaan e t  a l . , 1976).
7As m entioned  p r e v i o u s l y ,  t h e  p r e s e n t  c o n ce p t  o f  m o l lu sc a n  a n a e r o b ic  
m e ta b o l ism  was e s t a b l i s h e d  by De Zwaan and  h i s  c o l l a b o r a t o r s  w i th  s t u d i e s  
p re d o m in a te ly  u n d e r ta k e n  w i th  M y tl lu a  e d u l l s . A lthough  t h e s e  I n t e r p r e t a ­
t i o n s  a r e  I m p r e s s iv e ,  I t  i s  s t i l l  v e r y  u s e f u l  t o  have th e  r e s u l t s  co n f irm ed  
in d e p e n d e n t ly  by o t h e r  i n v e s t i g a t o r s  w i th  d i f f e r e n t  a n a l y t i c a l  methods and 
on d i f f e r e n t  b iv a lv e  s p e c i e s .  T hus , th e  m ajo r  o b j e c t i v e s  o f  t h i s  d i s s e r t a ­
t i o n  a r e :
(1 )  To ex tend  th e  s p e c i f i c  o b s e r v a t i o n s  on th e  European 
b i v a lv e ,  M y t i lu s  e d u l l s , t o  a n o th e r  s p e c i e s .  The 
r ib b e d  m u s s e l ,  G eukens la  d e m is sa ,  I s  ch o sen  f o r  t h i s  
s tu d y  b e c a u s e  I t  I s  e c o l o g i c a l l y  and p h y s i o l o g i c a l l y  
i n t e r e s t i n g  and I t  i s  t a x o n o m ic a l ly  r e l a t e d  t o  
M y ti lu a  e d u l l s :
(2) To compare t h e  r e s u l t s  o f  g e u k e n s la  d em issa  to  th o se  
d e r iv e d  by De Zwaan and h i s  a s s o c i a t e s  In  o r d e r  t o  
g e n e r a l i z e  o b s e r v a t i o n s  on th e  a n a e r o b ic  m e tab o lism  
o f  b i v a l v e s ,
(3 )  To S tu d y  t h e  f u n c t io n s  o f  t h e  K rebs c y c l e  in t e r m e d ia t e s  
{ in c lu d in g  s u c c i n a t e )  In  b i v a l v e  a n a e ro b ic  m e tab o lism  
w i th  th e  s e n s i t i v e  g a s - l i q u i d  c h ro m a to g ra p h ic  method 
which a n a ly z e s  seven  i n t e r m e d i a t e s  s im u l ta n e o u s ly ;  and
(4) To c l a r i f y  t h e  argum ent a b o u t  th e  r o l e  o f  a l a n i n e  in  
b iv a lv e  a n a e r o b i c  m e ta b o l ism .
To a c h ie v e  t h e s e  g o a l s ,  m u s se ls  were m a in ta in e d  u n d e r  c o n t r o l l e d  h ig h  
and low oxygen t e n s i o n s .  Each m u s se l  was th e n  e x t r a c t e d ,  a s sa y ed  and com­
p a re d  f o r  c o n c e n t r a t i o n s  o f  p o ly s a c c h a r i d e ,  Krebs c y c le  I n t e r m e d i a t e s ,
v o l a t i l e  f a t t y  a c i d s ,  a l a n i n e ,  l a c t a t e  and p y r u v a te  * To d a t e ,  t h i s  i s  th e  
f i r s t  s tu d y  o f  b i v a l v e  a n a e ro b ic  m etabolism  I n  w hich a l l  such I n t e r m e d i a t e s  
w ere  measured in  I n d i v i d u a l  o rgan ism s  i n s t e a d  o f  p o o le d  t i s s u e s *  D e f in e d  
te rm s  and t i m e  c o u rs e  s t u d i e s  w ere  conduc ted  u s in g  m u sse ls  u n d e r  b o th  w in* 
t e r  and g u n n e r  c o n d i t io n s *
The r e s u l t s  o f  i c e t a b o l l t e  accu m u la t io n s  d e te rm in e d  In  t h i s  s tu d y  w ere  
I n t e g r a t e d  w i t h  e x i s t i n g  knowledge o f  enzyme l o c a l i z a t i o n ,  k i n e t i c s ,  and 
r e g u l a t i o n  an d  a  h y p o t h e t i c a l  m e ta b o l ic  scheme l a  proposed* T h i s  scheme 
t a k e s  In to  a c c o u n t  c y to s o l - m i to c h o n d r i a l  c o m p a r tm e n ta t io n ,  a m o d i f i e d  Embden 
M ey erh o f-P a rn as  g l y c o l y t i c  pa thw ay , c a rb o n  d i o x i d e  f i x a t i o n ,  t h e  Krebs c y c l e  
pathw ays f o r  p r o p i o n a t e  and a l a n i n e  fo r m a t io n ,  and  I t  a t t a i n s  r e d o x  b a l a n c e  
o v e r a l l *  T h i s  scheme o f  b iv a lv e  a n a e ro b ic  m e ta b o l ism  may a s s i s t  i n  t h e  d e ­
s i g n  o f  f u r t h e r  r e f in e m e n ts  In  th e  u n d e r s ta n d in g  o f  t h e  m e t a b o l i c  c o n t r o l  o f  
b i v a l v e s .
MATERIALS AND METHODS
In  o r d e r  to  q u a n t i f y  t h e  numerous I n t e r m e d ia t e s  p o t e n t i a l l y  In v o lv e d  
In In te rm e d ia ry  m etabo lism , s e v e r a l  a n a l y t i c a l  t e c h n iq u e s  w ere  n e c e s s a r y .  
These in c lu d e d  d e r i v a t l E a t l o n ,  g a s - l i q u i d  ch rom atography  and  u l t r a v i o l e t  
sp e c tro p h o to m e try  f o r  eneyme a n a l y s i s .  I n i t i a l  t e s t i n g  o f  some o f  t h e s e  
p ro ced u res  in  o rd e r  t o  develop  te c h n iq u e  and  v e r i f y  th e  method was accom­
p l i s h e d  u s in g  a n o th e r  m o l lu sc ,  t h e  o y s t e r ,  a s  a t e s t  o rg an ism  f o r  e x t r a c ­
t i o n s .
O ysters
O y s te rs  (C ra sB o s tre a  v i r g i n i c a )  used  in  t h i s  s tu d y  were t h r e e  y e a r s  
o ld ,  11 .0  + 0 ,5  cm, a p p ro x im a te ly  20 g ( t i s s u e  w et w e igh t)  and were p r e ­
d e te rm ined  t o  be h e a l t h y  and s u p e r f i c i a l l y  f r e e  o f  p a r a s i t e s .  They were 
c u l tu r e d  from l a r v a l  s ta g e  a t  V i r g i n i a  I n s t i t u t e  o f  M arine S c ie n c e ,  G lou­
c e s t e r  P o i n t ,  V i r g i n i a  and m a in ta in e d  on a t r a y  In  th e  a d j a c e n t  York R iv e r  
w i th  s a l i n i t y  fTOtn 16-21 o /o o .
M ussels
Ribbed m u sse ls  (Geukensla d e m issa ) w i th  s h e l l  l e n g th s  o f  11*5 + 1*0 cm 
were c o l l e c t e d  on t h e  bank o f  York R iv e r  n e a r  Mum fo rd  I s l a n d ,  V i r g i n i a .  The 
av erag e  wet w e ig h t  ( i n c lu d in g  e n c lo s e d  s e a  w a te r )  was 8 9 .6  g and th e  d ry  
w e ig h t  was 2*95 g .  B efo re  each  e x p e r im en t was s t a r t e d ,  t h e  b i v a l v e s  w ere  
p la c e d  in  g l a s s  d e s i c c a t o r s  w i th  a e r a t e d  York R iv e r  w a te r  a n d  a c c l im a te d  a t  
I5°C f o r  two d a y s .  The te m p e ra tu re  was m a in ta in e d  w i th  c i r c u l a t i n g  w a te r
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h e ld  c o n s t a n t  w i th  a L o-T em ptro l 154 w a te r  c i r c u l a t o r  ( P r e c i s i o n  S c i e n t i f i c  
C o .,  C h icag o , I l l i n o i s ) ,
E x p erim en ts
Two e x p e r im e n ta l  reg im es  were c a r r i e d  o u t :  (1 ) F ix e d  te rm  s tu d y :
A f t e r  a c c l i m a t i o n ,  e i g h t  m u sse ls  w are  randomly d i v i d e d  I n to  normoxlc and 
an o x ic  s e t s  and In c u b a te d  f o r  51 h o u r s .  I n c u b a t io n  was c a r r i e d  o u t  In  
December 1978. (2) Time c o u r s e  s tu d y :  23 m u s se ls  w ere  random ly  chosen
f o r  th e  f o l l o w i n g  t r e a t m e n t s :  e i g h t  were s a c r i f i c e d  im m e d ia te ly  a f t e r  f i e l d
c o l l e c t i o n ;  t h r e e  a f t e r  two days a c c l i m a t i o n ;  and th e  re m a in in g  m u sse ls  w ere  
In c u b a te d  a n o x l c a l l y  f o r  p e r i o d s  up t o  fo u r  d a y s ,  w i th  g roups  o f  t h r e e  mus­
s e l s  each  s a c r i f i c e d  d a i l y .  Th is  e x p e r im e n t  v a a  s t a r t e d  In  Ju n e  1979.
I n c u b a t io n
F o r  t h e  a n o x ic  c o n d i t i o n ,  th e  r i v e r  w a te r  medium c o n ta i n in g  m u sse ls  
was f lu s h e d  w i th  n i t r o g e n  gas  (Union C a rb id e  C o . ,  L in d e  D i v i s i o n ,  N .Y .) ,
The a l t  t r a p p e d  u n d e r  d e s i c c a t o r  to p s  was a l s o  r e p l a c e d  w i th  n i t r o g e n  gas 
b e f o r e  s e a l i n g ,  The c o n c e n t r a t i o n s  o f  d i s s o lv e d  oxygen  f o r  norm oxlc  w a te r  
was a t  l e a s t  4 . 2  ppm f o r  t h e  f ix e d  te rm  s tu d y ,  and 7 .0  ppm f o r  t im e  c o u rse  
s tu d y ;  d i s s o l v e d  oxygen was below  0 , 4  ppm f o r  a n o x ic  w a te r  a s  d e te rm in e d  by 
b o th ,  p o l a r o g r a p h i c  m easurem ent w i th  an  oxygen m e te r  (Model 51A, Y ellow  
S p r in g s  I n s t r u m e n t  C o . ,  Yellow  S p r in g s ,  Ohio) and W in k le r  t i t r a t i o n .  The 
s a l i n i t y  o f  t h e  r i v e r  w a te r  medium was d e te rm in e d  t o  b e  17 .1  o /o o  w ith  a 
Beckman RS-7B in d u c t io n  s a l l n o m e te r  I ot th e  mixed te rm  s tu d y  and 14 ,4  o /o o  
f o r  th e  t im e  c o u r s e  s t u d y .  The I n c u b a t io n  t e m p e r a t u r e  was 15°C and th e  
o rgan ism s w ere  n o t  fed  d u r in g  th e  e x p e r im e n t s .  A f t e r  i n c u b a t i o n ,  th e  mus­
s e l s  were  q u i c k l y  removed from  th e  d e s i c c a t o r ,  t h e i r  s i z e s  and t o t a l  w e ig h ts  
were  m easured  and th e n  th e  o rg an ism s  were e i t h e r  f r o z e n  ( f o r  f i x e d  term
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Btudy) o r  opened  under a  s t r e a m  o f  n i t r o g e n  g a s  and q u i c k l y  f r o z e n  In d ry  
I c e -a c e to n e  ( f o r  time c o u r s e  s tu d y )  b e f o r e  f u r t h e r  t r e a t m e n t s .
P r e p a r a t io n  o f  Hotnogenates
The f r o z e n  m u sse ls  were  opened and t h e i r  c o n te n t s  c o l l e c t e d ;  th e  whole 
p ro c e ss  was r a p i d  and th e  t i s s u e s  were m a in ta in e d  co ld  w i th  I c e  w a t e r .
Those p r e p a r a t i o n s  w hich w ere  e i t h e r  m a in ta in e d  c o ld  o r  f r o z e n  w i th  d ry  Ice- ' 
a ce to n e  w ere  minced w i th  s c I b s o t s  and homogenized w i th  a  c o ld  b u f f e r  o f  2 - 
amino-2-methy 1 -1 - p r o p a n o l  ( 0 .1  M, pH 10, Sigma Chemical C o ,)  u s in g  e i t h e r  a 
hand hom ogenlzer o r  a  V i r T i s  45 hom ogen lzer (G a rd in e r ,  N .Y .) .  P r e p a r a t i o n s  
from each m u sse l  were a d j u s t e d  t o  60 ml w i th  b u f f e r  and th e n  d iv id e d  I n to  
s e t s  fo r  v a r i o u s  d e t e r m in a t io n s  (F ig u re  2 ) .  Homogenized f r a c t i o n s  were 
prom ptly  d e p r o t e i n i c e d  o r  t r e a t e d  a c c o rd in g  to  th e  a p p r o p r i a t e  p ro c e d u re  
f o r  each a n a l y s i s  and s t o r e d .  The a n a l y t i c a l  methods a r e  sum m arized In  
Table 2 .
Dry Weight D e te rm in a t io n
A l iq u o ts  (10 ml) o f  m u sse l  t i s s u e  homogenate were t r a n s f e r r e d  to  
t a r e d  aluminum c o n t a i n e r s ,  d r i e d  a t  6 Q°C f o r  24 h o u rs  and  th e n  m a in ta in e d  
in  vacuum d e s i c c a t o r  o v e r  p h o sp h o ru s  p e n to x id e  f o r  t h r e e  d a y s .  Samples 
were weighed w i t h  an a n a l y t i c a l  b a l a n c e .
P o ly s a c c h a r id e  D e te r m in a t io n
P o ly s a c c h a r id e  wee i s o l a t e d  a c c o rd in g  t o  th e  method o f  De Zwaan and 
Zandee (1972a) and a s sa y e d  u s in g  th e  anthrone-HjSCty m ethod . One ml o f  mus­
s e l  homogenate d e s ig n a t e d  f o r  p o ly  s a c c h a r i d e  d e te r m in a t io n  was s a p o n i f i e d  
In one a l  o f  507= K0H f o r  one  h o u r  a t  50°C, n e u t r a l i z e d  w i t h  HCl, d e p r o t e i n - 
lz ed  w ith  0 .0 6  g o f  t r i c h l o r o a c e t i c  a c id  and c e n t r i f u g e d  f o r  2 0  m in u te s
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TABLE 2 
METHODS FOR THE ANALYSIS OF 
KEY METABOLITES AND POLYSACCHARIDE (GLYCOGEN)
COMPOUNDS ANALYSIS
Krebs C ycle  I n t e r m e d i a t e s  
De S i lv a  (1971)
V o l a t i l e  F a t ty  A cids
G ibbs e t  a l .  (1973)
A la n in e
Schutgene e t  a l*  (1977)
L a c t a t e
Sigma S26 UV (1977)
P y r u v a te
Sigma 726 UV (1977)
P o ly s a c c h a r id e
□e Zwaan and Zandee (1972)
C e l i t e R  and  B as ic  A lum ina
Column P u r i f i c a t i o n
BF3 -M ethano l D e r l v a t l c a t i o n
S o lv e n t  E x t r a c t i o n
G a s - l i q u id  Chrom atography
P e r c h l o r a t e  D e p r o t e l n i r a t i o n  
KOH P r e c i p i t a t i o n  
S o lv e n t  E x t r a c t i o n  
G a s - l i q u id  C hrom atography
A la n in e  D ehydrogenase  
NAD+ + NADH 
S p e c tro p h o to m e try
L a c ta t e  D ehydrogenase  
NAD+ ■+ NADH 
S p e c tro p h o to m e try
L a c t a t e  D ehydrogenase  
NADH ■+ NAD+ 
S p e c tro p h o to m e try
A nthrone  R e a c t io n  
S p e c tro p h o to m e try
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v l t h  a  c l i n i c a l  c e n t r i f u g e  ( I n t e r n a t i o n a l  Equipment C o ,,  H a a s , ) ,  The volume 
o f  s u p e r n a t a n t  was m easured  and d i l u t e d  1 0  and 1 0 0  f o l d ;  one ml o f  e ac h  
d i l u t i o n  was used f o r  p o ly s a c c h a r id e  d e t e r m i n a t i o n .
P r e p a r a t io n s  from  p r e v io u s  t r e a t m e n t s  m ere s t i r r e d  v l t h  0 .0 5  ml o f  
s a t u r a t e d  Na2 S0 4  s o l u t i o n ,  fo l lo w e d  by  t h r e e  ml o f  e th a n o l .  Sam ples were 
h e a t e d  In a  b o i l in g  w a t e r  b a th  f o r  t h r e e  m in u te s ,  co o led  In an I c e  b a th  f o r  
a t  l e a s t  one  h o u r ,  and  c e n t r i f u g e d ;  t h e  e th a n o l  was c a r e f u l l y  d e c a n t e d .  The 
p o ly s a c c h a r id e  p e l l e t s  o b ta in e d  a f t e r  d r y in g  w i th  n i t r o g e n  gas w ere  d i s s o lv e d  
w i th  0 ,0 5  ml o f  H2 O and 4 ,0  ml o f  f r e s h l y  p r e p a r e d  an th ro n e  r e a g e n t  was th e n  
a d d ed ;  th e  m ix tu re  was v o r t e x e d ,  h e a t e d  a t  9Q°C f o r  2 0  m inu tes ,  c o o le d  in  i c e  
w a te r  and measured a t  620 mm w i th  t h e  Cary Model 15 s p e c t ro p h o to m e te r .  An­
t h r o n e  r e a g e n t  was p r e p a r e d  by d i s s o l v i n g  0 ,25  g a n th ro n e  In 1 0 0  ml o f  cou- 
c e n t r a t e d  au 1 f u r i c  a c I d .
K rebs C vcle  I n te r m e d ia te s  D e te r m in a t io n
The Krebs c y c le  i n t e r m e d i a t e s  w ere  I s o l a t e d  (F ig u re  3) and m easu red  
a c c o rd in g  t o  the  method o f  de S i l v a  (1 9 7 1 ) ,
a .  Reagents
The Krebs c y c le  I n t e r m e d i a t e s ,  a d i p i c  a c id  and b a s i c  a lum ina  ( a c t i v i t y  
g ra d e  I )  weTe o b ta in e d  fT<Hn Sigma C hem ica l Co. ( S t .  L o u is ,  M o,), C e l i t e  545R 
from F ia h e r  S c i e n t i f i c  Co, and b o ro n  t r  i f  lu o r  id  e -m e th an o l  (BP3 -MeOH, 14% W/V) 
from A p p lied  S c ience  L a b o r a t o r i e s  ( S t a t e  C o l l e g e ,  P a , ) .  A ll  o r g a n ic  s o l v e n t s  
were a n a l y t i c a l  grade and r e d i s t i l l e d  i n  g l a s s  b e f o r e  u s e .  BFj-MeOR (7%) was 
p r e p a r e d  by  d i l u t i o n  o f  a  14%, s o l u t i o n  w i th  d ry  m e th a n o l .  The I n t e r n a l  s t a n ­
d a r d ,  d im e th y l  a d i p a t e ,  was p re p a re d  by  r e a c t i n g  25 mg o f  a d ip i c  a c i d  w i th  1 0  
ml o f  7% HF^-MeOR a t  6 Q°C f o r  two h o u r s ,  c o o l in g  t o  room te m p e ra tu re  and th e n  
ad d in g  an  e q u a l  volume o f  w a te r .  A f t e r  e x t r a c t i n g  t h e  r e a c t io n  m ix tu r e  tw ic e
FIGURE 3 .  PREPARATION OF KREBS CYCLE INTERMEDIATES FOR GAS-LIQUID 
CHROMATOGRAPHIC ANALYSIS,
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PREPARATION OF KREBS CYCLE INTERMEDIATES FOR GLC ANALYSIS
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w i t h  50 ml o f  ch lo ro fo rm  each t im e ,  t h e  combined e x t r a c t s  were d r i e d  o v e r  
anhydrous  NajSO^ and then  th e  volume r e c o n s t i t u t e d  t o  1 0 0 . 0  ml w ith  c h lo r o ­
form .
b ,  E x t r a c t i o n
Ten ml each  o f  mussel t i s s u e  hom ogenate , g l a s s  d i s t i l l e d  w a te r  (b la n k  
c o n t r o l ) ,  and s ta n d a r d  ac id  m ix tu re  w ere  u sed . The s t a n d a r d  a c id  m ix tu re  
was p r e p a r e d  by d i s s o lv in g  th e  w eighed  compounds (T ab le  3) in  200 ml o f  
5N H2 SQ4 : w a t e r ;m ethanol (1 :3 :1 6  v / v / v ) .
c .  P u r i f i c a t i o n  o f  T is s u e  E x t r a c t s
The c ru d e  a c id  e x t r a c t  was m ixed th o ro u g h ly  w ith  10 g o f  e th e r -w a sh e d  
C el i t  e 5 4 5 ^ , The m o is t  C e l l t e  was m ixed w ith  10 g o f  anhydrous NajSOdi and 
s t o r e d  o v e r n ig h t  In  a  d e s i c c a to r  c o n ta i n in g  P2 O5 . The r e s u l t i n g  powdered 
m ix tu re  was t r a n s f e r r e d  to  a  I cm ( l , d . )  x 50 cm g l a s s  chrom atography column 
i n  a p p ro x im a te ly  2 g p o r t io n s  and p a c k e d  t i g h t l y .  The o rg a n ic  acidH were 
e l u t e d  from  th e  column w ith  e t h e r  ( a p p ro x im a te ly  100 m l)*  The e lu a n t  was 
t h e n  p a s s e d  th ro u g h  a  one g column o f  a c t i v a t e d  b a s i c  a lu m in a  o x id e  ( a c t i ­
v a t e d  by  h e a t i n g  i n  an  oven a t  1 0 O°C f o r  two h o u r s  and c o o l in g  to  room 
t e m p e r a t u r e ) .  The alumina was d r i e d  u n d e r  a  s t r e a m  o f  n i t r o g e n  g a s ,  and 
r e p e a t e d l y  washed w ith  ace to n e  f i v e  t im e s  and e t h e r  tw ic e  t o  co m ple te ly  r e ­
move th e  m o is tu re *  The f r e e  a c ld e  r e t a i n e d  by t h e  a lu m in a  were c o n v e r te d  
t o  t h e i r  m e th y l  e s t e r s  by h e a t i n g  w i t h  5 ml o f  1% BFg-MeOH to  60°C fo r  two 
h o u r s  in  a  sc rew -capped  tube .
F o l lo w in g  m e th y la t io n ,  t h e  m ix tu r e  was c o o le d  to  room te m p e ra tu re ,  
f i l t e r e d ,  and  an  e q u a l  volume o f  w a t e r  was added t o  t h e  f i l t r a t e .  The f i l ­
t r a t e  c o n ta i n e d  m e th y l  e s t e r s  o f  f a t t y  a c id s  and  Krebs c y c le  I n te r m e d ia te s ;  
t h e  f a t t y  s c  id  m e thy l e s t e r s  were rem oved by w ash in g  t h e  me th a n o l -B F j- w a te r
17
TABLE 3
STANDARD MIXTURE OF KREBS CYCLE INTERMEDIATES
INTERMEDIATES AMOUNT {mg)
Fum arate  5 .0
S u c c in a te  5 .0
M aU te  3 0 .0
a - k e t o - G l u t a r a t e  1 5 .0
c l e - A c o n l t a t e  5 ,0
C i t r a t e  2 0 ,0
I s o - C i t r a t e  ( t r i - s o d l u m  s a l t )  5 0 .0
A l l  sam ples w ere hom ogenized w ith  20 ml o f  5 N 
m e th a n o l  (1 :19  v / v )  I n  an  Ic e  b a t h  and th e n  c e n t r i f u g e d .  
The r e s i d u e  was a g a i n  hom ogenized w i th  10 ml o f  5 N H2 SO4 : 
H2 0 : m ethano l ( 1 :3 : 1 6  v / v / v ) ,  c e n t r i f u g e d  and th e n  s u p e r ­
n a t a n t s  were com bined  and re d u c e d  by a  a t r e a m  o f  n i t r o g e n  
gas  t o  a p p ro x im a te ly  1 0  ml and sav ed  f o r  s u b s e q u e n t  p u r i ­
f i c a t i o n .
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s o l u t i o n  t h r e e  t im es  w i th  1 ml o f  n - h e p ta n e  each  t im e ;  th e  m e thy l e s t e r s  o f  
K rebs c y c l e  I n t e r m e d ia t e s  were th en  e x t r a c t e d  w i th  two 1 0  ml p o r t i o n s  o f  
c h lo r o f o r m ;  th e  c h lo ro fo rm  e x t r a c t  was washed w i th  a 1 M Nfl2C03 s o l u t i o n  * 
fo l lo w e d  by w a te r  u n t i l  n e u t r a l , and th e n  d r i e d  o v e r  anhydrous  NajSO^. One 
hundred  j i l  o f  I n t e r n a l  s t a n d a r d t d l m e t h y l - a d i p a t e ,  was added  and th e  c h l o r o ­
form  e x t r a c t  was red u ced  to  10*50 p i ;  a c o n v e n ie n t  volume (1 p i )  was t h e n  i n ­
j e c t e d  i n t o  th e  column o f  g a s - l i q u i d  ch rom atog raph  f o r  s e p a r a t i o n  and m eas­
u re m e n t .
d , G a s -L lq u ld  Chromatography
A g a s - l i q u i d  chrom atograph  e q u ip p e d  w i th  a f lam e l o n l r a t l o n  d e t e c t o r  
(H e w le t t -P a c k a rd  7626A) was used  in  t h i s  a tu d y .  The column ( g l a s s ,  1 /8 "  
l . d .  x 6  f t )  was packed  w i th  100-120 mesh GasChrom P c o a te d  w i th  10% EG5S-X 
(A p p lied  S c ie n c e  L a b o r a t o r i e s ) .  T em p era tu re  programming was from 1 0 0 -2 10°C 
a t  b ^ / m i n u t e  and  th e n  m a in ta in e d  i s o  t h e r m a l ly  f o r  15 m in u te s ;  th e  c a r r i e r  
g a s  f lo w  (H elium , u l t r a  h ig h  p u r i t y  g r a d e ,  Union C a rb id e  C o rp .)  was 41 m l/  
m in u te .
B e fo re  a new column was u sed ,  I t  was c o n d i t i o n e d  f o r  two days a t  220°C 
and p e r i o d i c a l l y  I n j e c t e d  w i th  S i l y l - 8  column c o n d i t i o n e r  ( P i e r c e  C hem ical 
C o .)  .
e .  Q u a n t i t a t i o n
P eak  a r e a s  were c a l c u l a t e d  a s  peak  h e i g h t  x  r e t e n t i o n  t im e .  The v o l ­
ume v a r i a t i o n s  o f  sam ples  were c o r r e c t e d  by ad d in g  25 pg o f  d l m e t h y l - a d ip a t e  
a s  i n t e r n a l  s t a n d a r d  b e f o r e  c o n c e n t r a t i n g  t h e  s a m p le .  The d e t e c t o r  r e s p o n s e  
f o r  d l m e t h y l - a d i p a t e  was l i n e a r  up t o  2 p g ,  R e t e n t i o n  t im e s  and  peak  a r e a s  
w ere  th e n  coaq>ared w ith  th o s e  o f  b o th  i n d i v i d u a l  p u r e  a c id s  and t h e i r  s t a n ­
d a rd  m ix tu r e s  w h ich  were m e th y la te d  d i r e c t l y  w i th  BP3 -m e th a n o l  and e x t r a c t e d
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I n t o  c h l o r o f o r m .  The r e c o v e r y  from t h e  e x t r a c t i o n  and p u r i f i c a t i o n  p r o c e ­
d u r e s  was c a l c u l a t e d  and th e  t i s s u e  c o n c e n t r a t i o n  l e v e l s  were m easured  
(T a b le  4 ) .
V o l a t i l e  F a t t y  A cids  (VTA) D e te rm in a t io n
The a n a l y s i s  f o r  v o l a t i l e  f a t t y  a c id s  fo l lo w ed  t h a t  d e s c r ib e d  by  
G ib b s  e t  a l ,  (1 9 7 3 ) ,
a .  D e p r o t e i n i t i a t i o n  o f  T is su e  Homogenate
Ten j j I  o f  d i l u t e d  n - v a l e r i c  a c id  s o l u t i o n  (50 p i  d i s s o lv e d  In 1 ml o f 
e t h y l  a c e t a t e )  was added t o  1 0  ml o f  m ussel t i s s u e  homogenate and 1 0  ml o f  
g l a s s  d i s t i l l e d  w a te r  (b la n k  c o n t r o l )  a s  I n t e r n a l  s t a n d a r d  ( p r e l im in a r y  
s t u d i e s  i n d i c a t e d  t h a t  t h e  r ib b e d  m ussel does  n o t  c o n t a i n  a  m e a su ra b le  
am ount o f  n - v a l e r i c  a c i d ) . A f t e r  one ml o f  c o ld  7OX p e r c h l o r i c  a c id  was 
a d d e d ,  t h e  m ix tu r e  was sh a k e n  v ig o r o u s ly  f o r  a b o u t  30 s e c o n d s ,  m a in ta in e d  
c o l d  f o r  a n  a d d i t i o n a l  1 0  m in u te s  to  a s s u r e  co m p le te  p r o t e i n  p r e c i p i t a t i o n ,  
and  th e n  c e n t r i f u g e d .  T h is  d e p r o t e i n f l a t i o n  p ro c e d u re  was r e p e a t e d  w i th  1 
ml o f  c o ld  70% p e r c h l o r i c  a c i d .  A f t e r  t h e  s u p e r n a t a n t  was n e u t r a l i z e d  w i th  
a  s o l u t i o n  o f  50% KQH u n t f l  c e s s a t i o n  o f  f u r t h e r  c r y s t a l  fo rm a t io n ,  i t  was 
t h e n  m a i n t a i n e d  In  a  r e f r i g e r a t o r  o v e r n ig h t .  The KClO^ c r y s t a l s  w hich  had 
fo rm ed  were removed by c e n t r i f u g a t i o n  and th e  c l e a r  s u p e r n a ta n t  was sav ed  
f o r  f u r t h e r  p r e p a r a t i o n ,
b .  P u r i f i c a t i o n
A f t e r  d e p r o t e l n t z a t l o n ,  th e  sample was th e n  s a t u r a t e d  w ith  NaCl, a d ­
j u s t e d  to  pH 11*12 w i th  50% K0H, and c e n t r i f u g e d  a g a in  t o  remove any  re m a in ­
in g  KOIO4  p r e c i p i t a t e ;  1 0 . 0  ml o f  e t h e r  was th e n  added  and th e  tu b e  c a p p e d ,
s h a k e n  on a  v o r t e x  a g i t a t o r  a t  h igh  s p e e d ,  and c e n t r i f u g e d  t o  prom ote  s e p a r a ­
t i o n ;  t h e  e t h e r  p h ase  was th e n  removed and d i s c a r d e d .  The re m a in in g  aqueous
20
TABLE U
RECOVERY OF A STANDARD MIXTURE OF KREBS CYCLE INTERMEDIATES 
(EXTRACTION AND PURIFICATION PROCEDURE)
A H
I n t e r m e d i a t e
S tan d a rd
M ix tu re
(me)
D e t e c t o r
R esponse*
R ecovery  o f  
S tan d a rd  
M ix tu re  01)
F u m e ra te 5 .0 1 0 5 .0 6 .9
S u c c i n a t e 5 .0 1 3 5 .9 8 7 .1
A d lp a te 5 .0 191 .5 -
M s la te 30 .0 6 1 .5 31.2
0  -’k e tO '- G lu ta r a te 15 .0 168 .6 9 ,8
c  i  b- Ac o n i  t a t  e 5 .0 69 .2 59.1
C i t r a t e 2 0 , 0 1 1 3 .3 56 .3
Lam _ neak  h e ig h t x  r e t e n t i o n t im e
A,
B .
pg a c i d
Dry s t a n d a r d  a c i d  m ix tu re  was m e th y la t e d  w i th  7% BF3 -  
m e th a n a l  and  t h e  m e thy l e a t e r s  w ere  e x t r a c t e d  d i r e c t l y  
i n t o  c h lo r o f o r m ,  A one p i  a l i q u o t  from a t o t a l  volume 
o f  1 0  ml was I n j e c t e d  in to  t h e  c h r o m a to g r a p h ic  column.
S ta n d a rd  a c i d  m ix tu r e  (T ab le  3 )  was t a k e n  th r o u g h  th e  
e x t r a c t i o n  a n d  p u r i f i c a t i o n  p r o c e d u r e .  The re c o v e ry  
(It) waa c a l c u l a t e d  by com paring  t h e  d e t e c t o r  r e s p o n s e s  
found w i th  t h e  d a t a  shown I n  co lum n A, I n t e r n a l  s t a n ­
d a r d  o f  m e th y l  e s t e r s  o f  a d l p a t e  was u sed  t o  c o r r e c t  
f o r  v a r i a t i o n  I n  t h e  f i n a l  v o lu m e  o f  t h e  s a m p le .
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p h ase  was b r o u g h t  to  pH 2 -3  w i th  4  N HCL, e t h y l  a c e t a t e  (10 m l) waa added 
and the  t u b a  was v o r t e x e d  f o r  a  f&w m in u te s  and th e n  c e n t r i f u g e d  a g a i n .  The 
a c i d i c  aq u eo u s  p h ase  was e x t r a c t e d  tw ic e  w i th  5  ml o f  e t h y l  a c e t a t e  each  
t im e ;  t h e  e t h y l  a c e t a t e  f r a c t i o n s  were combined and d r i e d  o v e r  a n h y d ro u s  
sodium s u l p h a t e  t o  remove t r a c e s  o f  w a te r .  The d r i e d  e x t r a c t  was th e n  c a r e ­
f u l l y  c o n c e n t r a t e d  w i th  a  s low  s t r e a m  o f  d ry  n i t r o g e n  g a s  t o  a p p ro x im a te ly  
50-100 p i  f o r  g a s - l i q u i d  c h ro m a to g ra p h ic  a n a l y s i s ,  
c ,  G a s -L iq u id  C hrom atography
A c o n v e n ie n t  a l i q u o t  1 p i )  o f  c o n c e n t r a t e d  VFA sam ple  was th e n  i n ­
j e c t e d  i n t o  t h e  g a s - l i q u i d  ch rom atograph  (H e w le t t -P a c k a rd  7626A) eq u ip p ed  
w i th  a f la m e  I o n i z a t i o n  d e t e c t o r .  The column ( g l a s s ,  1 /8 "  i . d .  x 6  f t )  was 
packed w i th  80-100  mesh Chromoeorb WAV c o a te d  w i th  10% SP 1200 su p p lem en ted  
w i th  17. p h o s p h o r ic  a c id  (S u p e lc o ,  I n c , ) ,  T em p era tu re  p ro g ram s  lug was from 
70-140°C a t  4 °C /m in u te  and th e  c a r r i e r  gas  f lo w  (Helium, u l t r a  h ig h  p u r i t y  
g r a d e ,  U nion  C a rb id e  C o r p o r a t io n ,  New Y ork , N.Y.) was 69 m l /m in u te .
Peak a r e a s  w ere  i n t e g r a t e d  a s  peak h e i g h t  x  r e t e n t i o n  t im e  and  c o r ­
r e c t e d  f o r  d e t e c t o r  r e s p o n s e s .  D e te c to r  r e s p o n s e  f a c t o r s  w ere  d e te rm in e d  
from g a s - l i q u i d  chrom atogram s o b ta in e d  a f t e r  i n j e c t i o n  o f  a  s t a n d a r d  v o l a ­
t i l e  f a t t y  a c i d  m ix tu r e  (T a b le  5 ) .  The m ix tu r e  was p re p a re d  by d i s s o l v i n g  
1 0  p i  each  o f  p r o p i o n i c ,  i s o - b u t y r i c ,  b u t y r i c ,  i s o - v a l e r i c  and  v a l e r i c  
a c i d s  {Sigma Chem ical C o .)  i n  500 p i  o f  IN a c e t i c  ac id *
4 ,3 8  p mole o f  n - v a l e r l c  a c i d  was added  to  th e  t i s s u e  h o m o g en tte  a s  
i n t e r n a l  s t a n d a r d  a t  t h e  s t a r t  o f  sam ple p r e p a r a t i o n  and t h e  f r a c t i o n  o f  
n - v a l e r i c  a c i d  was d e te r m in e d  from  t h e  sam ple  i n j e c t e d ;  t h i s  r a t i o  was 
u sed  to  c o n v e r t  t h e  amount o f  v o l a t i l e  f a t t y  a c id  in  t h e  sam ple  t o  t h a t  
i n  m ussel t i s s u e .
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TABLE 5
DETECTOR RESPONSE FACTORS OP FREE VOLATILE 
ACIDS AS DETERMINED IN A STANDARD MIXTURE
V o l a t i l e  F a t t y  A c id  D e te c to r  Response F a c to r*
P r o p i o n i c  ( C g ) 3 ,9 5 2
l a o - B o t y r l c  { l e o - C ^ ) 1 0 ,9 8 9
B u t y r i c  {C4 ) 1 1 ,9 0 5
I b o - V a l e r i c  ( i s o - C 5 ) 2 1 ,7 3 9
V a l e r i c  (C5 ) 2 3 ,8 1 0
 _________ „ _______ ____ _ peak hef-Aht x r e te n t io n  tim e* D e te c to r  Response F a c to r  ■ ■c  n ----------   —----------p mole o f a c id
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B efo re  * new column c o u ld  b e  used  s u c c e s s f u l l y , I t  v a s  s t a b i l i z e d  by  
c o n d i t i o n i n g  f o r  24  h o u rs  a t  150°C and th e n  by  p e r i o d i c a l l y  i n j e c t i n g  S i l y l -  
8  column c o n d i t i o n e r  ( F i e r c e  C hem ical Co.) t o  r e s t o r e  column e f f i c i e n c y .
A la n in e .  L a c t a t e  an d  Pyruvate D e te r m in a t io n s
These p r o c e d u r e s  w ere  m o d i f i e d  from K luytm ans e t  j i l ,  (1973) and  th e  
Sigma B u l l e t i n s  726 UV and 826 UV (Sigma C hem ical C o . ) .  The honw genate  
( 1 0  ml) was dep r o t e  l a i r e d  by a d d i t i o n  o f  1 ml c o ld  70% p e r c h l o r i c  a c i d  and 
shaken  v i g o r o u s l y  f o r  a p p r o x im a te ly  30 s e c o n d s .  The m ix tu re  was k e p t  c o ld  
f o r  an a d d i t i o n a l  1 0  m in u te s  to  a s s u r e  c o m p le te  p r o t e i n  p r e c i p i t a t i o n  and 
t h e n  c e n t r i f u g e d  f o r  10 m i n u t e s .  T h i s  p ro c e d u re  was r e p e a t e d  w i t h  1 ml o f  
c o ld  70% p e r c h l o r i c  a c i d ;  t h e  s u p e r n a t a n t  was n e u t r a l i z e d  w i th  30% KGH and 
s t o r e d  In  th e  r e f r i g e r a t o r  o v e r n i g h t .  The KCIO4  c r y s t a l s  formed w ere  t h e n  
removed by c e n t r i f u g a t i o n  and th e  c l e a r  s u p e r n a t a n t  Vas used  f o r  t h e  d e t e r ­
m in a t io n s  o f  1 - a l a n i n e ,  1 - l a c t a t e  and  p y r u v a te ,
a .  1 ( + ) - A la n in e  D e te r m in a t io n
The r a p i d  a l a n i n e  d e h y d ro g e n a s e  (EC 1 . 4 . 1 . 1 )  m icrom ethod o f  S c h u tg e n s  
e t  a l . (1977) was a d o p te d  f o r  t h i s  d e t e r m i n a t i o n :
A la n in e  d e h y d ro g e n a se  
1 (+ ) -A la n in e  +  NAD+ +  H2 O -+ P y r u v a te  + NH3  +  NADU +  H+ . (1)
(Low Ajj^ q) (High A ^ o )
A l iq u o ts  o f  0 .0 5  ml m u s s e l  t i s s u e  p r e p a r a t i o n  w ere  p i p e t t e d  i n t o  
sc rew -cap p ed  t u b e s ,  l a b e l l e d  f o r  r e f e r e n c e  and e x p e r im e n t ,  and th e n  0 ,0 3  
ml w a te r  and 1 .0  ml s t a n d a r d  i n c u b a t i o n  m ix tu r e  w ere  ad d ed . The s t a n d a r d  
i n c u b a t i o n  m ix tu r e  was p r e p a r e d  by  d i s s o l v i n g  0 . 3  g h y d ra z in e  s u l f a t e  i n t o  
23 ml o f  T r l s  b a s e  (200 o ft .  Sigma C hem ical C o . ) ,  t h e  s o l u t i o n  a d j u s t e d  to  
pH 9 ,0  w ith  1 H KOH and th e n  d i l u t e d  t o  50 ml w i th  d i s t i l l e d  w a t e r ,  0 ,1  ml
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NAD+ s o l u t i o n  was added  t o  t h e  e x p e r im e n ta l  t u b e  (10 mg 8 -WAD+ d i s s o l v e d  In  
0 .5 5  ml s t a n d a r d  I n c u b a t io n  m i x t u r e ) ,  w h i le  0 . 1  ml o f  th e  s t a n d a r d  In cu b a ­
t i o n  m ix tu re  was added  to  t h e  r e f e r e n c e  m ix tu r e .  The i n i t i a l  a b so rb a n c e  a t  
340 nm was m easured  tn  t h e  r e c o r d i n g  s p e c t r o p h o to m e te r  (Cary Model 15) 
a g a i n s t  r e f e r e n c e  and th e  enzym ic r e a c t i o n  was s t a r t e d  by t h e  a d d i t i o n  o f  
10 p I  o f  a l a n i n e  d eh y d ro g en ase  (ADH) c o n t a i n i n g  2 .2  u n i t s  I s o l a t e d  from 
B a c i l l u s  s u b t i l l s  (Sigma C hem ica l C o ,)*  The r e a c t i o n  te m p e r a tu r e  was 37°C 
and th e  r e a c t i o n  t im e  was 30 m in u te s*  The s t a n d a r d  cu rv e  was p r e p a r e d  and 
t h e  q u a n t i t y  o f  a l a n i n e  In  t h e  sam ple was c a l c u l a t e d  from th e  In c rem en t o f  
a b so rb a n c e  and th e  s t a n d a r d  c u r v e ,
b .  1 ( + ) - L a c t a t e  D e te r m in a t io n
1 ( + ) - L a c t a t e  Was determ ined u s in g  la c t a t e  dehydrogenase (EC 1 .3 .9 9 ,1 )  
accord in g  to  Sigma B u lle t in  826 UV;
L a c t a t e  d eh y d ro g e n ase
l ( - h ) - L a c t i c  A cid  + NAD+ -+ P y ru v ic  A cid  +  HADH + H+ . (2 )
(Low A ^ q )  (High A3 4 0 )
0 .5  ml o f  t i s s u e  p r e p a r a t i o n  was d i l u t e d  w i th  0 .5  ml o f  d i s t i l l e d  
w a te r  and th e n  0*5 ml s t a n d a r d  I n c u b a t io n  m ix tu r e  was added . The s ta n d a r d  
i n c u b a t io n  m ix tu r e  was p r e p a r e d  by g e n t l y  m ix in g  2 . 0  ml g ly c in e  b u f f e r  
(pH 9 . 2 ,  c o n t a i n s  g l y c i n e  and h y d r a z in e )  w i th  10 mg HAD+ and 0*1 ml l a c t i c  
d e h y d ro g e n ase .  The r e f e r e n c e  s o l u t i o n  was p r e p a r e d  by d e l e t i n g  NAP"*"; In ­
c u b a t i o n  was a t  37°C f o r  50 m in u te s ,  and  m easured  a t  340 nm w i th  t h e  r e ­
c o r d in g  s p e c t r o p h o to m e te r  (C ary  Model 1 5 ) .  The q u a n t i t y  o f  l a c t a t e  was 
i n t e r p r e t e d  from  th e  s t a n d a r d  cu rve*
c .  P y ru v a te  D e te r m in a t io n
P y ru v a te  was d e te rm in e d  w i th  l a c t a t e  d eh y d ro g en ase  (EC 1 .3 * 9 9 .1 )  a c ­
c o r d in g  t o  Sigma B u l l e t i n  726 UV u s in g  t h e  r e v e r s e  r e a c t i o n  f o r  t h e  l a c t a t e  
a s s a y :
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L a c ta t e  dehydrogenase  
P y ru v ic  Acid + NADH + -  I (+) - L a c t i c  Acid + NAD+ , (3)
{High A3 4 o) {Low A ^ q )
0*5 nil o f  Trifcma^ bane  s o l u t i o n  ( tr i-(hyd tO xyrnethy l)-a jn lnoaiethane , 1 .5  
m o l / l i t e r )  was added to  2 . 0  ml o f  t i s s u e  p r e p a r a t i o n ,  mixed by g e n t le  In ­
v e r s i o n ,  a d ju s t e d  t o  pH 9 , and 0 .5  ml NADH s o l u t i o n  was added, rhe  NADH 
s o l u t i o n  was p re p a re d  by p i p e t t i n g  2 ,2  ml TrIzmaR base  so lu t io n  in to  1 mg 
NADH. A f t e r  two m i n u t e s , t h e  a b so rb an c e  a t  340 nm was measured a g a in s t  a 
r e f e r e n c e  s o l u t i o n  u s in g  th e  Cary Model 15 re c o rd in g  spec tropho tom ete r;  
th e  r e f e r e n c e  was p re p a re d  by d e l e t i n g  HADH. The enzymic r e a c t io n  was 
s t a r t e d  s u b s e q u e n t ly  by th e  a d d i t i o n  o f  0 .05  ml o f  l a c t i c  dehydrogenase. 
A f t e r  two to  f i v e  m in u te s ,  th e  f i n a l  ab so rb an ce  a t  340 nm was measured and 
t h e  q u a n t i t y  o f  p y ru v a te  In  t h e  s a n p le  c a l c u l a t e d  from the Increment of 
a b so rb a n c e  a t  340 run and t h e  s t a n d a r d  c u rv e .
RESULTS
P r e l i m in a r y  A n a ly s i s  o f  t h e  O y s t e r ,  C r a s s o s t r e a  v i r g i n  l e a
A p r e l i m i n a r y  a n a l y s i s  o f  a d u l t  o y s t e r s  w s b  u n d e r ta k e n  p r i o r  t o  th e  
m ore d e t a i l e d  s tu d y  o f  t h e  r i b b e d  m u s s e l .  In  o r d e r  t o  i n v e s t i g a t e  a n a e ro b ic  
me t a b o 1 1 ami v a r i o u s  t i s s u e  p r e p a r a t i o n s  and p r o c e d u r e s  w ere  t r i e d .  In  con- 
t r a s t  t o  t h e  p r e v io u s  r e p o r t s  on b i v a l v e  a n a e r o b ic  m e ta b o l ism  w hich  employed 
e n zy m a tic  methods and  a n a ly z e d  o n ly  f o r  s u c c i n a t e ,  a  g a s - l i q u i d  c h ro m a to ­
g r a p h ic  method w hich  a n a ly z e s  s e v e n  K reb s  c y c l e  I n t e r m e d i a t e s  s im u l ta n e o u s ly  
was a d o p te d  f o r  t h i s  s tu d y  a f t e r  m o d i f i c a t i o n s  (de  S i l v a ,  1 9 7 1 ) ,
S a t i s f a c t o r y  e x t r a c t i o n ,  p u r i f i c a t i o n  and q u a n t i f i c a t i o n  o f  m e th y l  
e a t e r s  o f  Krebs c y c l e  i n t e r m e d i a t e s  from  o y s t e r s  have  been  o b t a i n e d  and i s
shown i n  F ig u r e  4 an d  T a b le  6 . S i n g l e  r e s o lv e d  p e a k s  were o b s e rv e d  f o r  th e
d im e th y l  e s t e r s  o f  f u m a r a t e ,  s u c c i n a t e ,  m a la te  and th e  t r l m e t h y l  e s t e r s  o f  
e l s - a e o n i t a t e ,  c i t r a t e  and  i s o - c i t r a t e ;  tv o  a d j a c e n t  p eak s  w ere  o b se rv ed  
f o r  t r l m e t h y l  e s t e r s  o f  a - k e t o - g l u t s r a t e *  The m o st ab u n d an t i n t e r m e d i a t e  
i n  th e  o y s t e r  t i s s u e  was m a la te  w h ich  was f o l lo w e d  by  c i t r a t e ,  s u c c i n a t e  
and  th e n  fu m a ra te ,  a - k e t o - g l u t a r a t e ; c i s - a c o n i t a t e  and  i s o - c i t r a t e  were  
p r e s e n t  in  t r a c e  am ounts*  The t o t a l  c o n c e n t r a t i o n s  in  o y s t e r  t i s s u e  ranged  
from 752 to  4 ,092  n m o le /g  w et w e ig h t .  These r e s u l t s  w ere  r e p o r t e d  i n  p a r t  
(Ho and Z u b k o f f ,  1 9 7 8 ) ,
D e ta ile d  Study of th e  R ibbed H u s s e l ,  Q aukenata d e ra ilsa
A n a ly s i s  o f  t h e  r i b b e d  m u s s e l s  m a in ta in e d  h y p o x i c a l l y  f o r  51 h o u rs  a t
1 5 °C r e v e a l e d  t h a t  s u c c i n a t e ,  p r o p i o n a t e  and a l a n i n e  a c c u m u la te d  i n  t h e s e
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FIGURE 4 . GAS-LIQUID CHROMATOGRAPHY OF METHYL ESTERS OF KREBS CYCLE 
INTERMEDIATES OF OYSTER, CKABSOSTREA VTKGINICA,
(A) S ta n d a rd  i n t e r m e d ia t e  m ix tu re
(B) S ta n d a rd  I n te r m e d ia te  m ix tu re  +  o y s t e r  m a n tle  t i s s u e
(C) O y s te r  m an tle  t i s s u e  
a  -  Fum arate
b =* S u c c in a te
c ■ A d lp a te  ( i n t e r n a l  s t a n d a r d )  
d -  M ala te  
e ,  f  =* a - k e t o - G l u t a r a t e  
g = c i s - A c o n i t a t e  
h = C i t r a t e  
1 = i s o - c i t r a t e
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anim als*  The same e x p e r im en t showed o n ly  sm a ll  ch an g es  Which w ere s i g n i f i ­
c a n t  In  t h e  q u a n t i t i e s  o f  the  o t h e r  m e ta b o l i t e s *
A g a s - l i q u i d  chromatogram o f  th e  K rebs c y c l e  I n t e r m e d i a t e s  o b ta in e d  
from t i s s u e  e x t r a c t s  o f  c o n t r o l  and  e x p e r im e n ta l  G eu k en s la  d em ises  i s  d e ­
p l e t e d  i n  F ig u re  5 , The same q u a n t i t y  o f  d im e th y l  a d l p a t e  (peak c )  was 
added a s  an  I n t e r n a l  s t a n d a r d  t o  b o th  c o n t r o l  and  e x p e r im e n t  e x t r a c t s .  I t  
I s  c l e a r  t h a t  under h y p o x ic  c o n d i t i o n s ,  t h e  s u c c i n a t e  p e ak  a r e a  (peak  b ) i n ­
c re a s e d  (F ig u re  5B and 5C ). G a s - l iq u id  chrom atogram s o f  t h e  v o l a t i l e  f a t t y  
a c id s  a r e  shown in  F ig u r e  6 , P r o p io n a te  {C3 ) I s  c l e a r l y  d e m o n s t ra te d  t o  a c ­
cum ula te  hypoxic  a l l y .  A c e t ic  a c id  (C2 > i s  a l s o  d e t e c t e d  b u t  I s  d e l e t e d  from  
f u r t h e r  c o n s i d e r a t i o n  b e c a u s e  a s i m i l a r  p eak  w i th  same r e t e n t i o n  t im e  a p ­
p e a red  In  b lan k  c o n t r o l s .
N um erica l d a ta  d e p i c t i n g  and com paring  c o n c e n t r a t i o n s  o f  p o l y s a c ­
c h a r id e s  and key I n te r m e d ia te s  i n  c o n t r o l  and  e x p e r im e n ta l  m u s s e ls  i s  p r e ­
s e n te d  I n  T ab le s  7 , 8 , and  9 . I t  c an  be s e e n  t h a t  s u c c i n a t e  I n c r e a s e d  ab o u t 
f o u r - f o l d  from 4*66 pm ole /g  d ry  w e ig h t  i n  c o n t r o l  a n im a ls  to  19 .63  p m o le /g  
d ry  w e ig h t  in  m u sse ls  k e p t  under N2 f o r  51 h o u r s  a t  15°C. T here  l a  a l s o  a  
co n co m itan t  sm a l l  i n c r e a s e  in  th e  l e v e l  o f  m a la te  (1*29 pm ole /g  d ry  w e i g h t ) , 
b u t  w h e th e r  t h i s  i s  s i g n i f i c a n t  rem a ins  q u e s t i o n a b l e  a t  t h i s  time* Concen­
t r a t i o n s  o f  a - k e t o - g l u t a r a t e ,  c i s - a c o n l t a t e  and c i t r a t e  a r e  low and do n o t  
appea r  t o  change h y p o x ic a l l y .
The av e rag e  p r o p io n a t e  c o n c e n t r a t i o n  In  t h e  c o n t r o l  g roup  i s  3 .4 5  
pmole/g d r y  w e ig h t ,  and 14 .16  p r o l e / g  d ry  w e ig h t  In  m u s se ls  m a in ta in e d  
h y p o x i c a l l y .  T h is  r e p r e s e n t s  a  f o u r - f o l d  I n c r e a s e .  I t  i s  a l s o  e v i d e n t  
t h a t  t h e r e  i s  v i r t u a l l y  no change in  i s o - b u t y r a t e ,  b u t y r a t e  and  i s o -  
v a l e r a t e  d u r in g  51 h o u rs  o f  hyp o x ia .
FIGURE 5 .  GAS-LIQUID CHROMATOGRAPHY OF METHYL ESTERS OF KREBS CYCLE 
INTERMEDIATES OF MUSSEL, GEUKENSIA DEMISBA,
(A) S ta n d a rd  i n t e r m e d i a t e  m ix tu r e
(B) G eukenaia  dem iesa  a f t e r  m a in t a in in g  51 h o u rs  w i th  
a e r a t e d  w a te r
(C) G au k en s ia  d e a l s  ea  a f t e r  51 h o u ra  o f  h y p o x ia  
a = Fum arate
b " S u cc in a te
c -  A d lp a te  ( i n t e r n a l  s t a n d a r d )  
d = M ala te  
e ,  f  = C t -k e to -G lu ta ra te  
g -  c i a - A c o n l t a t e  
h ** C i t r a t e
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FIGURE 6 GAS-LIQUID CHROMATOGRAPHY OF VOLATILE FATTY ACIDS,
(A) S ta n d a rd  a c id  m ix tu re
(B) G an k en s la  demlasa a f t e r  m a in ta in in g  51 h o u rs  w i th  
a e r a t e d  w a te r
(C) G eu k en a la  dem issa  a f t e r  51 h o u rs  o f  h y pox ia  
C2  ■ A c e ta te
O3  = P r o p io n a te  
ieo -C ^  ■ i s o - B u ty r a t e  
C4  = D u ty ra te  
iao-C ^ ” I s o - V a le r a t e
C5  = V a le r a t e  ( i n t e r n a l  s t a n d a rd )
( n - V a l e r a t e  la  v i r t u a l l y  a b se n t  In  
e x t r a c t s  o f  m ussel t i s s u e )
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TABLE 7
CONCENTRATIONS OF POLYSACCHARIDE AND KEY METABOLITES OP 
GttUKENSlA PEMIBSA AFTER MAINTAINING AT 15°C FOR 51 HOURS 
WITH AERATED RIVER WATER <DECEMBER 1978)
M u sse ls
X + S.D,
1 2 3 4 (n  - 4)
A. Mussels (p o ly s a c c h a r id e  In  mg/g d ry w e ig h t)
S i t e  (cm) 1 2 , 0 0 1 1 . 0 0 10 .50 1 1 ,5 0 11-25 + 0 .6 5
Dry w e ig h t  (g) 2 , 8 6 4 ,15 2-14 2 .2 7 2 . 8 6  + 0 .9 2
P o ly s a c c h a r id e 8 6 . 0 0 267,20 120,70 185 .2 0 166 .78  + 7 8 .3 1
B. M e ta b o l i t e s  (pm ole /g  d ry  w eigh t)
S u c c in a te 0 .8 4 0.78 2 . 6 6 1 4 ,3 5 4 ,6 6  + 6 ,5 2
M alate 0 .7 7 0.84 1 .03 3 ,3 1 1 .4 9  + 1 , 2 2
C t-k e to -G lu ta ra te 0 .6 7 0,28 0 .6 5 0 .5 5 0 .5 4  + 0 .1 8
c l s - A c c n l t a t e * n .d . n ,d . n .d . n . d . -
C i t r a t e n ,d . n .d . 0 .1 5 0 , 1 1 -
P r o p io n a t e 2 .1 9 1.50 4 .7 3 5 ,3 8 3 ,4 5  + 1 .8 9
l s o - B u ty r a t e 0 .8 9 0 ,7 4 1 ,75 1 .2 8 1 .1 7  + 0 .2 8
B u ty ra te 0 .9 6 0 ,72 1.31 1 .2 9 1 .0 7  + 0 .2 8
la o - V a le r a t e 0 . 1 2 0 .0 9 0 . 2 0 0 . 2 0 0 ,1 5  + 0 . 0 6
A lanine 57 .58 60 ,73 76 ,78 6 5 .6 6 6 5 .1 9  + 8 .41
L a c ta te 5 .01 3 .94 6 ,0 5 - 5 .0 0  + 1 .0 5
P y ru v a te 0 .2 5 0 .35 0 .4 8 0 .4 3 0 .3 8  + 0 . 1 0
C. Sura o f  m e t a b o l i t e s  (pm ole/g  dry w e ig h t)
69 ,28 69.97 95 ,79 9 2 ,5 6 83. . 1 0
D. Sun o f  s u c c i n a t e , p r o p io n a te  and a l a n i n e  (pm ole/g  d r y  w e ig h t )
60 .61 63,01 84 .17 8 5 .3 9 73. 30
* n ,d .  ■ n o t d e t e c t a b l e
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TABLE 8
CONCENTRATIONS 07 POLYSACCHARIDE AND KEY METABOLITES OF
GEPKENSIA DEMISSA AFTER 51 HOURS OF HYPOXIA (DECEMBER 1978)
M ussels
If +  S.D .
1 2 3 4 (n - 4)
M ussels  ( p o ly s a c c h a r id e  In  mg/g dry w e ig h t)
SLec (cm) 11. DO 11.50 1 1 . 0 0 1 1 . 0 0 1 1 .13  + 0 .2 5
Dry w e igh t (g) 2 . 2 2 2 .9 5 2 ,1 9 2 .7 1 2 . 5 2  + 0 .3 7
P o ly s a c c h a r id e 56 .10 124.40 5 4 .2 0 10 1 .3 0 6 4 .5 0  + 34 ,10
M e ta b o l i t e s  (pm ole /g  dry w e ig h t)
S u c c in a te 9 .60 8 . 8 6 36 ,23 2 3 .8 1 1 9 .6 3  + 13.03
M ala te 2 .45 2 .48 4 .4 3 1 .7 6 2 .7 8  + 1,15
o t -k e to -G lu ta r a te 0 .35 0 .23 0 .1 4 0 . 8 0 0 ,3 8  + 0 ,2 9
c ta - A c o n l t a t e 0 ,3 9 * n .d . n .d . n . d . -
C i t r a t e 0 , 2 0 0 , 1 0 0 . 1 1 0 .1 8 0 .1 5  + 0,05
P ro p io n a te 15.56 16.79 4 ,7 7 1 9 ,5 2 1 4 .1 6  + 6 .48
l s o - B u ty r a te 1 .18 0 .6 9 1 .1 4 1 .7 1 1 .1 8  + 0 ,4 2
B u ty ra te 1 . 1 0 0 . 8 0 1 .26 1 .1 6 1 .0 8  + 0 . 2 0
i s o - V a le r a t e 0 ,1 9 0 , 1 1 0 . 2 2 0 .2 4 0 .1 9  + 0 ,0 6
A la n in e 61.85 79.47 71 .39 71 .61 7 1 .0 8  + 7 .21
L a c ta t e 8 .37 4 ,63 7 .3 0 5 .4 3 6 .4 3  + 1.71
P y ru v a te 1 ,05 0 .37 0 .5 7 0 . 3 0 0 ,5 7  + 0 ,3 4
Sum o f  m e ta b o l i t e s (pm ole/g d ry  w e ig h t)
102.29 114,53 127 .56 1 2 6 .5 2 117,,63
Sum o f  s u c c in a t e , p r o p io n a te  and a l a n i n e  (p u o le /g  d r y  w e ig h t)
67.01 105.12 112 .39 1 1 4 .9 4 104,,87
* n ,d .  = n o t  d e t e c t a b l e
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TABLE 9
CONCENTRATIONS OF POLYSACCHARIDE AND KEY METABOLITES OF 
GHDKENSIA DEM1SSA AFTER MAINTAINING UNDER OXYGEN AND NITROGEN 
AT 15«C FOR 51 HOURS (DECEMBER 1978)
Exposed t o  Oj Exp oh fed t o  N2
x + S.D.  x  ±  S.D.  D iffer en ce  Accum ulation
(n = 4 )  (n = 4) (5Tr2  - (ft)
A, M ugaele ( p o ly s a c c h a r id e  In  mg/g d ry  w e ig h t)
S iz e  (cm) 11.25 + 0 .6 5 11.13 + 0 .2 5 - 0 , 1 2 -
Dry w e ig h t  (g ) 2 . 8 6 + 0 .9 2 2 .5 2 + 0 .3 7 - 0 ,3 4 -M
P o ly s a c c h a r id e 166,78 + 78 ,31 8 4 .50 + 3 4 ,1 0 -8 2 .2 8 -
M e t a b o l i t e s  (fnao le /g  d ry  w e ig h t)
S u c c in a t e 4 .6 6 + 6 .5 2 19 .63 + 1 3 .03 14,97 4 3 ,34
M ala te 1.49 + 1 . 2 2 2 .7 8 + 1 ,1 5 1 .29 3,73
a - k e t o - G l u t a r a t e 0 .5 4 + 0 .1 8 0 .3 8 + 0 .2 9 - 0 .1 6 -
P r o p io n a t e 3 .45 + 1.89 14,16 + 6 .4 8 10.71 3 1 . 0 0
l s o - B u t y r a t e 1.17 ± 0 .2 8 1.18 + 0 .4 2 0 , 0 1 0 .0 3
B u ty r a t e 1.07 ± 0 .2 8 1.08 + 0 , 2 0 0 , 0 1 0 .0 3
ie o - V a l e r a t e 0 ,15 + 0 .0 6 0 .1 9 + 0 ,0 6 0 .0 4 0 . 1 2
A la n in e 65.19 + 8.41 71 .08 + 7,21 5 .8 9 17.05
L a c t a t e 5 .00 + 1.05 6 .4 3 + 1.71 1.43 4 .1 4
P y r u v a te 0 .3 8 + 0 . 1 0 0 .5 7 + 0 .3 4 0 .1 9 0 .5 5
C. Sum o f  M e t a b o l i t e s  (pm ole/g  d ry  w e ig h t)
0 3 .1 0  117 .48  3 4 ,54  9 9 .99
D, Sum o f  s u c c i n a t e ,  p r o p io n a te  and  a l a n i n e  (pm ole /g  d ry  w e ig h t)
7 3 .3 0  104 .07  31 .57  91 .40
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Under hypox ic  c o n d i t i o n s ,  a l a n i n e  l e v e l s  in c r e a s e d  from 6 5 .1 9  t o  71,08 
p r n l e / g  d ry  w e ig h t .  T o g e t h e r ,  a l a n i n e ,  s u c c in a t e  and  p r o p i o n a t e  a c c o u n t  f o r  
91.40X o f  t h e  a c c u m u la t io n  o f  m e t a b o l i t e s  (Table 9 ) .  T h e re  a r e  o n ly  s m a l l  
changes o f  l a c t a t e  and p y r u v a t e  c o n c e n t r a t i o n s  from 5 , 0 0  t o  6 , 4 3  and  from  
0 ,3 8  to  0 ,5 7  p ino le /g  d ry  w e ig h t ,  r e s p e c t i v e l y .
B ecause o f  th e  w ide ra n g e  o f  v a lu e s  m easured , t h e  am ounts o f  p o l y s a c ­
c h a r id e  do n o t  p ro v id e  a  c l e a r  i n d i c a t i o n  f o r  changes due to  h y p o x ia  (T a b le s  
1 and 8 ) ,  However, th e y  i n d i c a t e  an  i n c r e a s e d  r a t e  o f  p o l y s a c c h a r i d e  c o n ­
sum ption  u n d e r  th e  hypox ic  c o n d i t i o n  b e c a u s e  th e  a v e rag e  c o n c e n t r a t i o n s  
dropped  from  166 .70  to  8 4 .5 0  mg/g d ry  w e ig h t  (Table 9 ) .
The a v e ra g e  v a lu e s  an d  s t a n d a r d  d e v i a t i o n s  d u r in g  t h e  tim e c o u r s e  
s tu d y  ( -2  t o  4 d ay s)  a r e  p r e s e n t e d  i n  T a b le s  10 to  15 and  s u sm a r iz e d  i n  
T ab le s  16 and  17 and F ig u r e  7, The s i z e ,  d ry  w e igh t o f  each  m u s s e l ,  and 
c o n c e n t r a t i o n s  o f  p o l y s a c c h a r i d e s  and some m e ta b o l i t e s  a r e  shown in  t h e s e  
t a b l e s .  These m u sse ls  w ere  e i t h e r  a s s a y e d  im n e d la te ly  a f t e r  f i e l d  c o l l e c ­
t i o n  (T ab le  1 0 ) ,  a f t e r  two d a y s  a c c l i m a t i o n  a t  15°C w i th  a e r a t e d  w a t e r  
(Table 1 1 ) ,  o r  a f t e r  one t o  f o u r  days  o f  hypox ia  (T ab le s  1 2 -1 5 ) .  The 
a v e ra g e  v a l u e s  o f  th e  c o n c e n t r a t i o n s  o f  key m e ta b o l i t e s  ( s u c c i n a t e ,  p r o p i ­
o n a te  and a l a n i n e )  a f t e r  f o u r  days  o f  h y p o x ia  a re  compared and sum m arized  
in  Table  17 and p l o t t e d  i n  F ig u r e  7 ,
T h e re  i s  l i t t l e  o r  no change in  c o n c e n t r a t i o n  o f  any  o f  t h e  t h r e e  
m ajor m e t a b o l i t e s  d u r in g  t h e  two days  o f  a c c l im a t io n  a t  15°C. However, 
s u c c i n a t e  i n c r e a s e d  from 0 .9 5  t o  3 .4 7  pm ole /g  d ry  w e ig h t  a f t e r  t h e  f i r s t  
two days o f  h y p o x ia  and t h e n  l e v e l e d  o f f .  The c o n c e n t r a t i o n  o f  p r o p i o n a t e  
d id  n o t  change  d u r in g  th e  f i r s t  day  o f  h y p o x ia  (2 .6 5  t o  2 ,3 3  pm ole /g  d r y  
w e ig h t ) .  However, p r o p i o n a t e  d id  I n c r e a s e  s l i g h t l y  t o  7 .0 2  pm ole /g  d r y
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TABLE 11
CONCENTRATIONS OF POLYSACCHARIDE AND SOME METABOLITES OF
GTOKENS1A DEMISSA AFTER TWO DAYS ACCLIMATION AT
15°C WITH AERATED RIVER WATER {JUNE 1 9 7 9 )
M u sse ls
Tf + S
1 2 3 (n - 3)
M ussels  { p o ly s a c c h a r id e  In  tug/g d ry w e ig h t)
S ize  (cm) 1 2 . 0 0 11 .50 1 2 . 0 0 11.63  + 0 .2 9
Dry w e ig h t  (g) 3 .7 0 3 .5 8 1 .4 0 2 .8 9  + 1 ,29
P o ly s a c c h a r id e 6 3 .6 3 190 .1 6 3 7 .03 9 6 .9 4  + 0 1 , 0 2
M e ta b o l i t e s  ( jnno le/g  d ry  we I g h t )
S u c c in a te 0 .7 7 0 .5 0 1 .59 0 .9 5  + 0 .5 7
M alate 2 .4 1 1 .6 2 1 ,35 1 .7 9  + 0 .5 5
a - k e t o - g lu  t a r a t e 0 .0 4 0 ,2 5 0 ,5 7 0 .2 9  + 0 .2 7
c i s - A c o n i t a t e * n .d . n . d . n .d .
C i t r a t e 0 .1 4 0 .1 6 n .d . -
P r o p io n a te 3 .3 6 1 .9 3 2 .6 5  + 1 . 0 1
l a o - D u ty r a te 0 .5 6 0 .4 6 - 0 .5 2  + 0 .0 6
B u ty ra te 0 .7 7 0 .4 6 - 0 .6 2  + 0 . 2 2
lS O -V a le ra te n . d . n . d . -
A la n in e 3 5 .3 9 3 2 .0 4 13,20 2 6 ,8 0  + 1 1 ,96
L a c ta te 5 .9 3 3 .7 4 10,67 6 .7 0  + 3 .5 4
P y ru v a te 0 , 0 1 0 ,6 2 0 ,2 4 0 .2 9  + 0 .3 1
Sum o f  m e t a b o l i t e a (jjm ole/g  d ry  w e ig h t )
4 9 .3 8 4 1 .8 0 - 40,,77
Sum o f  s u c c i n a t e , p r o p io n a te  and  a l a n i n e  {pm ole/g  d ry  w e ig h t)
3 9 .5 2 3 4 .4 7 - 30.,48
* n ,d .  ” n o t  d e t e c t a b l e
3 8
TABLE 12
CONCENTRATIONS OF POLYSACCHARIDE AND KEY METABOLITES OF
GEUKEHSIA DEM1SSA AFTER ONE DAY OF HYPOXIA (JUNE 1979)
M ussels
Y + S .P .
1 2 3 (n  -  3)
A. WusHeia (p o ly s a c c h a r id e  In  mg/g d ry  w eight)
Size  (cm) 1 1 - 0 0 1 1 ,5 0 11,50 11.33 + 0 .2 9
Dry w eigh t (g) 3 .56 3 . 2 0 4 .0 3 3 ,60  + 0 ,4 2
Poly  aac c h a r id e 149 .18 133-09 159,48 147.25 + 1 3 ,3 0
M e ta b o l i te s  (p m o le /g  d ry  w e ig h t)
S u c c in a te 3 .2 0 3 .6 3 1.17 2 .67  +  1.31
Ms l a t e 1 .50 1 .2 6 1 . 2 1 1.32 + 0 .1 6
a - k e to - G lu t a r a t  e 0 .06 0 .0 4 0 .0 4 0 .0 5  +  0 .0 1
c l s - A c o n i t a t e * n .d . n . d . n .d . -
C i t r a t e 0-03 0 ,0 3 0 ,03 0 .0 3  +  0 .0 0
P ro p io n a te 1-99 2 ,6 2 2 ,09 2 .2 3  +  0 .3 4
ls o -B u ty ra te 0 -44 0 .5 1 0 .3 4 0-43 + 0 .0 9
B u ty ra te 0 .6 5 0 .7 2 0 .50 0 .6 2  + 0 . 1 1
I s o - V a le r a te n .d . n . d . n .d . -
A lanine 4 6 .3 7 2 5 .9 3 46 ,43 39.58  + 11,82
L a c ta te 4 ,3 3 6 .7 0 5 .34 5 .4 6  + 1 .19
P yruvate 0 . 1 1 0 . 1 0 0 .1 4 0 , 1 2  + 0 . 0 2
Sun o f  m e ta b o l i t e s (pm ole/g  d ry  w e ig h t )
5 8 ,6 8 4 1 .5 4 57-29 52-51
Sum o f  s u c c i n a t e , p r o p i o n a t e  and  a l a n i n e  (pm ole/g  d ry  w e ig h t)
5 1 .56 3 2 .1 8 49 ,69 4 4 .4 8
^ n .J .  *  n o t  d e t e c t a b l e
TABLE 13
CONCENTRATIONS OF POLYSACCHARIDE AND KEY METABOLITES OF
GKOKENSIA DEMISSA AFTER TWO DAYS OF HYPOXIA (JUNE 1 9 7 9 )
M u sse le
x  +  S.D.
1 2 3 (n ■ 3)
A, M u sse ls  ( p o ly s a c c h a r id e  i n  rag/g d r y  w e ig h t )
S i i e  (cm) 10 .50 1 2 .5 0 1 2 . 0 0 1 1 .6 7  + 1 .0 4
Dry w e ig h t  (g) 3 .3 6 3 .2 9 3 .2 8 3 .3 1  + 0 , 0 4
P o ly s a c c  h a r I d  e 166 .10 1 3 4 .1 2 1 57 ,7 2 1 5 2 ,6 5  + 1 6 . 5 8
M e ta b o l i t e s  (praol e /g  d ry  we tg h t )
S u c c in a te 1 . 6 6 2  ,72 6 ,0 3 3 .4 7  + 2 .2 8
M ala te 1 .3 3 2 .3 1 1 .4 7 1 .7 0  + 0 .5 3
a - k e  to -G lu  t a r a t  e 0 .0 5 0 .0 5 0 .0 6 0 .0 5  + 0 . 0 1
c t e - A c o n l t a t e 0 .0 4 * n . d . n . d . -
C i t r a t e 0 .1 4 0 .0 9 n . d .
P r o p io n a t e 6 .5 4 9 .9 1 4 ,6 2 7 .0 2  +- 2 . 6 8
t s o - B u t y r a t e 0 .3 3 0 .5 3 0 .6 4 0 .5 0  + 0 .1 6
B u ty r a te 0 .5 1 o . e o 0 .8 1 0 ,7 1  + 0 ,1 7
I s o - V a l e r a t e 0 . 0 8 n . d . n . d . -
A la n in e 4 1 ,7 2 3 9 .4 9 4 7 .5 3 4 2 .9 1  + 4 .1 5
L a c t a t e 3 .4 7 5 ,5 1 5 .6 2 4 . 8 6  + 1 . 2 1
P y r u v a te 0 .5 2 0 .0 6 n . d . -
Sum o f  m e t a b o l i t e s (pmoLe/g d ry  w e ig h t )
5 6 .3 9 6 1 .4 7 6 6 .7 8 6 1 . 2 2
Sum o f  s u c c l t i a t e , p r o p i o n a t e  and a l a n i n e (p m o le /g  d r y  w e ig h t )
4 9 .9 2 5 2 .1 2 5 8 .1 8 5 3 . 40
* n .d ,  *  n o t  d e t e c t a b l e
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TABLE 1 4
CONCENTRATIONS OR POLYSACCHARIDE AND KEY METABOLITES OF
GEIKENSIA DEMIS SA AFTER THREE DAYS OF HYPOXIA (JUNE 1 9 7 9 )
M usse ls
x + S.D.
1 2 3 (n  * 3)
A. M ussels  (p o ly s a c c h a r id e  in  mg/g d ry  w e ig h t)
S ie e  (cm) 1 1 .50 1 1 .5 0 1 2 . 0 0 1 1 .67  + 0 .2 9
Dry w e ig h t  (g) 2 .5 0 3 .8 4 3 .6 0 3 .3 1  + 0 .71
P o ly s a c c h a r id e 5 6 ,70 26 7 .7 2 207 .1 1 1 8 7 .1 8  + 9 2 ,1 4
M e ta b o l i t e s  (pm nle/g  d ry  w e ig h t)
S u c c in a te 3 .51 2 .1 3 - 2 .8 2  + 0 .9 8
M ala te 1 .6 9 0 .0 8 - 1 .2 8  + 0 .5 7
a - k e t o - O l u t a r a t e 0 .0 4 0 . 0 1 - 0 .0 3  + 0 . 0 2
C ia - A c o n i t a t e * n ,d . n . d . - T
C i t r a t e 0 . 1 1 0 . 0 1 - 0 ,0 6  + 0 .0 7
P r o p lo n a te 22 .35 2 0 .6 9 1 6 .44 1 9 ,8 3  + 3 .0 5
I s o - B u ty r a t e 0 ,7 3 0 .5 7 0 .5 2 0 ,6 1  + 0 . 1 1
B u ty ra te 1 . 1 0 0 .7 4 0 .7 1 0 ,8 5  + 0 . 2 2
i s o - V a l e r a t e n . d . n . d . n . d . *w
A la n in e 5 3 ,52 5 3 .6 5 3 4 .95 4 7 .3 7  + 10,76
L a c ta t e 7 ,9 5 5 .2 7 5 .5 6 6 .2 6  + 1 .47
P y ru v a te 0 .4 2 0 . 1 1 0 .0 4 0 .1 9  + 0 . 2 0
Sum o f  m e ta b o l i t e s  (pm ole/g  d ry  w e ig h t )
91,42 8 4 .0 6 - 79. 30
gum o f  s u c c in a t e , p ro p io n a te and a l a n i n e (p ino le/g  d ry  w e ig h t )
79 ,38 7 6 .4 7 - 70 . 0 2
* n .d ,  -  n o t  d e t e c t a b l e
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TABLE 15
CONCENTRATIONS OF POLYSACCHARIDE AND KEY METABOLITES OF 
G TOKENS IA DEHISSA AFTER FOUR DAYS OF HYPOXIA {JUNE 1979)
M ussels
*  +  S.D.
1 2 3 (ti * 3)
A* Muaaels (po lysaccharide  In tqg/g d ry  w eigh t)
S is e  (cm) 1 2 . 0 0 11.50 11.50 11.67 + 0.29
Dry w e ig h t  (g) 4.19 3 .0 9 2.80 3,36 + 0.73
P o ly sacch a rid e 123.03 84 .98 126.31 111.44 + 22.97
M e ta b o l i te s  {pmnle/g dry weight)
S u c c in a te 3,95 1.65 3.75 3,12 + 1.27
M alate 0.72 1 . 2 0 0.71 0 . 8 8  + 0.28
a-ke tO -G  lu ta r a te +n,d . 0 .0 3 0 ,05 0 .04  + 0 , 0 1
c is - A c o n i t a t e n .d . n .d . n .d . -
C i t r a t e 0.07 0 .0 3 0.06 0.05 + 0 , 0 2
P ro p io n a te 21,25 50.61 58.29 33,38 + 15.33
ia o -B u ty ra te 0,61 0 .6 4 0.71 0.65 + 0.05
B u ty ra te 0,81 1 .08 0.96 0.95 + 0.14
Is o -V a te r a te n .d . n . d , 0 , 2 2 -
A lan ine 45.14 51.42 61.52 52.69 + B.26
L a c ta t e 4.23 6 .5 5 7.45 6 .08  + 1 . 6 6
P y ru v a te 0.07 0 .1 4 0.15 0 . 1 2  + 0.04
C. Sum o f  m e ta b o li te s  (pmole/g dry w e igh t)
76.85 113.35 103.87 97.96
D. Sum o f  succ ina te}  p ro p io n a te  and a la n in e  (jimole/g d ry  weight)
70.34 103.68 93.56 89.19
* n .d . * n o t  d e te c ta b le
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TABLE 16
AVERAGE CONCENTRATIONS 0 7  POLYSACCHARIDE AND KEY METABOLITES
OF GTOCENSIA DEMISSA AFTER FIELD COLLECTION ( - 2  DAYS),
TWO DAYS ACCLIMATION (0 DAY) AND ONE TO FOUR DAYS OF HYPOXIA
Days o f  Hypoxia 
- 2  0 1 2  3 4
A. M ussel (p o ly s a c c h a r id e  In  rag/g d ry  w e ig h t)
S i t e  (cm) 11.75 11.83 11,33 11.67 11.67 1 1 .6 7
Dry weight (g) 3 .04 2 .89 3 .6 0 3 .3 1 3.31 3 .3 6
P o ly sa cc h a rId e 181.68 96,94 147 ,25 152.65 187,18 11 1 .4 4
M e ta b o l i te s  (pmole /g  d ry  w e igh t)
S u c c in a te 1.61 0 ,95 2 .6 7 3 .4 7 2.82 3 .1 2
M alate 1 ,76 1.79 1 ,32 1 ,7 0 1 ,28 0 , 8 8
a - k e t  o-Glu t a r a  t e - 0 .29 0 .0 5 0 .0 5 0.03 0 .0 4
P ro p io n a te 3 ,3 4 2 ,65 2 .2 3 7.02 19,83 3 3 .3 8
I s o - B u ty r a te 0 ,5 8 0.52 0 .4 3 0 , 5 0 0,61 0 ,6 5
B u ty ra te 0 .7 9 0.62 0 .6 2 0 .7 1 0.85 0 .9 5
A lan ine 25,11 26.88 3 9 .58 42 .91 47.37 5 2 .6 9
L a c ta te 5.17 6 .78 5 .4 6 4 . 8 6 6.26 6 , 0 B
P y ru v a te 0 .2 5 0.29 0 . 1 2 0 .2 9 0.19 0 . 1 2
Sum o f  m e ta b o l i t e s ( p s n le /g  dry w e ig h t)
38.89 40,77 5 2 .48 61 .51 79.24 9 7 .91
Sum o f  s u c c i n a t e , p ro p io n a te  and a l a n i n e  (pmole/g d ry  w eigh t)
30 .06  30.48 4 4 ,4 8  5 3 .40  70.02 8 9 .1 9
4 3
TABLE 17
AVERAGE CONCENTRATIONS OF SUCCINATE, PROPIONATE AND ALANINE OF 
MUSSELS, GEnKENfiLA PEMISSA AFTER FIELD COLLECTION (-2  DAYS), 
TWO DAYS OF ACCLIMATION <0 DAY) AND ONE TO FOUR DAYS OF HYPOXIA
M e ta b o l i t e s  (p n o le /g  d ry  w e ig h t)
Days o f  Hypoxia S u c c in a te  P r o p io n a t e  A la n in e  Sum
-2  1 .61  3 .3 4  2 5 ,11  30,06
0  0 ,9 5  2 ,6 5  2 6 .8 8  30.4B
1 2 .6 7  2 .2 3  3 9 ,5 8  44 ,48
2 3 .47  7 ,02  4 2 ,9 1  53.40
3 2 .82  1 9 .8 3  4 7 ,3 7  70,02
4 3 .12  3 3 ,3 8  5 2 .69  89 .19
A c cu m u la tio n  d u r in g  fo u r  days o f  h y pox ia
2 .1 7  3 0 .7 3  2 5 ,8 1  58,71
"L A ccu m u la tio n
3 .7 0  5 2 .3 4  4 3 .9 6  100,00
FIGURE 7, THE TIME DEPENDENT ACCUMULATION OF SUCCINATE, PROPIONATE 
AND AUNINE IN GEURENSIA DEMI Sis A.
Im m e d ia te ly  a f t e r  f i e l d  c o l l e c t i o n  ( ' 2  d a y s ) ,  two d a y s  
a c c l i m a t i o n  w ith  a e r a t e d  w a te r  <0 d a y ) ,  one t o  fo u r  
days o f  h y p o x ia  (1 t o  4 day a ,  r e s p e c t i v e l y )
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w e ig h t  a f t e r  th e  seco n d  day and f u r t h e r  In c re a s e d  s h a r p ly  and l i n e a r l y  w i th  
t im e  o f  h y p o x ia .  A f t e r  f o u r  days o f  h y p o x ia ,  a c o n c e n t r a t i o n  o f  3 3 ,3 6  yg 
rao le /g  d ry  w e ig h t  o f  p r o p io n a te  was n o te d .  T h is  r e p r e s e n t s  a t e n - f o l d  i n ­
c r e a s e  i n  p r o p i o n a t e  c o n c e n t r a t i o n  (T ab le  17, F ig u r e  7 ) .
The i n i t i a l  c o n c e n t r a t i o n  o f  a l a n i n e  was h i g h  (26 ,86  y m o le /g  d ry  
w e i g h t ) ,  A f t e r  t h e  f i r s t  day under  hypoxic  c o n d i t i o n s ,  a l a n i n e  l e v e l s  
i n c r e a s e d  t o  3 9 ,5 8  pxaole/g dry w e ig h t .  From th e  seco n d  day o n ,  a  s low er 
b u t  l i n e a r  a c c u m u la t io n  w i th  tim e was observed  ( t o  5 2 ,69  y m o le /g  d ry  w e igh t)  
w hich  was 1 .96  t im e s  th e  o r i g i n a l  c o n c e n t r a t i o n  (T a b le  17, F ig u r e  7 ) .
A f t e r  f o u r  d ay s  o f  h y p o x ia ,  t h e  pm olar a c c u m u la t io n  o f  p r o p io n a t e  and 
a l a n i n e  was s i m i l a r  and  much h ig h e r  th a n  s u c c i n a t e ,  bu t no I n c r e a s e  was ob­
se rv ed  i n  m a la t e ,  a - k e t o - g l u t a r a t e ,  i s o - b u t y r a t e ,  b u t y r a t e ,  l a c t a t e  and 
p y ru v a te  (T ab le  1 6 ) .
The e l s e  and  d ry  w e ig h t  o f  th e  m usse ls  u sed  i n  t h i s  s tu d y  w ere  con­
s i s t e n t .  However, s i n c e  th e  c o n c e n t r a t i o n s  o f  p o l y s a c c h a r i d e  w e re  so 
v a r i a b l e ,  p o l y s a c c h a r i d e  c o n te n t  was no t u s e f u l  a s  a  f u r t h e r  i n d i c a t o r  
o f  t h e  e f f e c t  o f  h y p o x ia .
DISCUSSION
A ccum ula tion  o f  I n te r m e d ia te s
T h is  s tu d y  d e m o n s t ra te s  t h a t  t i s s u e  le v e ls  o f  su ccL n a te , p ro p io n a te ,  
and a l a n i n e  i n c r e a s e  In  Gaukenaia dem ises held  under hypoxic  c o n d i t i o n s .  In  
c o n t r a s t  to  the  v e r t e b r a t e s , l a c t a t e  1b found not to  In c re a s e  in  Geukensla 
d em ises  under  h y p o x ic  c o n d i t io n s .  These o b se rv a tio n s  ex tend  and co n f irm  th e  
work o f  o t h e r  i n v e s t i g a t o r s  who have  found th a t  o th e r  la m e l l lb ra n c h  m o l lu s c s ,  
i n c lu d in g  K v t l lu a  e d u l i a  (Kluytmana e t  a l , ,  1975), Anodonta cygnea (Gade e t  
a t . , 1 9 7 5 ) ,  and Card turn edu le  (Cade, 1975), respond to  hypoxic  c o n d i t io n s  in  
much t h e  same manner (Table  18). T h e re fo re ,  i t  would seem ap p a ren t  t h a t  th e  
a c c u m u la t io n  o f  s u c c i n a t e ,  p r o p io n a t e ,  and a la n in e  under hypoxic c o n d i t io n s  
I s  c h a r a c t e r i s t i c  o f  many, I f  no t a l l ,  lam e lllb ran ch  m o l lu s c s .
With r e s p e c t  t o  a la n in e  a c c u m u la t io n ,  a wide range  i s  r e p o r te d  in  t h i s  
s tu d y  (3 .4 0  t o  2 5 ,8  pm ole/g  dry w e ig h t)  which r e p r e s e n t s  7.87 to  43.967. o f  
t o t a l  a c c u m u la t io n  (T ab le  18). Kluytmans e t  a l .  (1977) r e p o r te d  t h a t  a la n in e  
o n ly  t r a n s i e n t l y  i n c r e a s e d  d u ring  th e  f i r s t  hour o f  an o x ia  in  M vtilua  e d u l i a  
and th e n  e v e n t u a l l y  d im in ished  t o  n e a t  i t s  o r ig i n a l  l e v e l .  De Zwaan and h i s  
a s s o c i a t e s  a l s o  s u g g e s te d  th a t  a l a n i n e  was only the  i n i t i a l  end p roduc t o f  
b i v a l v e  a n a e ro b ic  m etabo lism  (de Zwaan and van M arrew ljk , 1973a; de Zwaan 
e t  a l . . 1975; Gade <st a l , , 1975; de  Zwaan and Uljsman, 1976; de Zwaan e t  a l . , 
1976; Kluytmans .et a l , , 1977). However, t h i s  s tudy shows a s u b s t a n t i a l  i n ­
c r e a s e  In  th e  c o n c e n t r a t i o n  o f a l a n i n e  from 26,88 to  3 9 .5 8  pmole/g dry w eight
46
47
d u r in g  th e  f i r s t  day o f  h y p o x ia ,  fo llow ed  by a  l i n e a r  accu m u la t io n  w i th  tim e 
to  52 ,69  pm ole/g  d ry  w e ig h t  a f t e r  fo u r  days o f  hypoxia  (F ig u re  7, T ab le  1 7 ) ,
Some ev id en ce  I n d i c a t e s  t h a t  th e  p r o d u c t io n  o f  s u c c in a te  and p ro p io n a te  
a r e  c o r r e l a t e d  and t h a t  t h e  accu m u la t io n  o f  p ro p io n a te  fo l lo w s  t h a t  o f  a l a ­
n in e  (Kluytmans j i t  a l . , 1977), T h is  r e l a t i o n s h i p  I s  c l e a r l y  i l l u s t r a t e d  in  
F igure  7 ,
T o ta l  a cc u m u la t io n  o f  s u c c i n a t e , p r o p io n a te  and a la n in e  ranged  from 
33,00 to  75,20 pm ole /g  d ry  w e igh t In  th e  f i v e  s t u d i e s  and i s  shown i n  Table  
IB. Because no s i g n i f i c a n t  l a c t a t e  acc u m u la t io n  was observed  in  any o f  
th e se  s t u d i e s ,  l a c t a t e  f e r m e n ta t io n  i s  b e l i e v e d  to  have only  l im i t e d  impor­
tan ce  (G&de e t  a l . .  197 5 ).
In  o r d e r  to  c l e a r l y  o bserve  th e s e  v a r i a t i o n s  In  m e ta b o l i t e  c o n c e n t r a ­
t i o n s ,  th e  e x p e r im e n ta l  system s used  In  t h i s  and o th e r  s tu d i e s  were somewhat 
extreme b ecau se  a su b m ers io n  o f G eukensia  dem iasa  i n  oxygen d e f i c i e n t  w a te r  
fo r  two o r  more days would p ro b a b ly  r a r e l y  o ccu r  i n  n a tu r e .  S ince  some v a r i ­
a b i l i t y  o c c u r re d  In  a l l  s t u d i e s ,  t h e r e  a r e  some l i k e l y  so u rc es  o f  u n c e r t a i n t y .  
Among th e s e  u n c e r t a i n t i e s ,  i t  I s  s t i l l  unknown to  what e x t e n t  an im a ls  in  
a e r a te d  w a te r  a r e  a c t u a l l y  r e s p i r i n g ,  o r  w h e th er  th ey  have t i s s u e s  i n  a hy­
pox ic  s t a t e .  O ther  p o s s i b l e  rea so n s  f o r  th e  v a r i a t i o n  of t h e  s u c c i n a t e ,  
p ro p io n a te  and a la n in e  p r o d u c t io n  a r e  te m p e ra tu re  (Wlddows a t  a l . , 1979), 
t i s s u e  (C h ap lin  and L o x to n , 1976; Kluytmans and De Zwaan, 1976; Kluytmana 
and De Zwaan, 1977; Ahmad and C h a p l in ,  1977; L iv in g s to n e  and Bayne, 1977), 
season  (Ahmad and C h a p l in ,  1977), p e r io d  o f  h y p o x ia ,  s p e c ie s  and h a b i t a t .
T h is  s tu d y  o f  a n a e r o b ic  m e tab o lism  o f  G eukensia  dem jssa  was conducted  
during  b o th  w in t e r  (December 1978) and sumner (June  1979), and th e  r e s u l t s  
o f  two days o f  hypox ia  a t  150C a r e  compared in  T ab le  19. A lthough no c l e a r
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TABLE 19
CONCENTRATIONS OF POLYSACCHARIDE AND SOME METABOLITES 
OF WINTER (DECEMBER 1978) AND SUMMER (JUNE 1979) 
MUSSELS, GEUKENSIA DEMXS5A. AFTER TWO DAYS OF HYPOXIA
December 1978 June 1979
X +  S . D .  X +  S . D .
(n = 4) (n - 3)
A, C o n d i t io n s
S a l i n i t y 1 7 .1 O/foQ 14. <4 ol/OD
D is s o lv e d  o x y g en < 0 .0 4  ppxn <0.04 ppm
M u sse ls  ( p o l y s a c c h a r i d e i n  ing/g d r y w e ig h t )
S iz e  (cm) 1 1 .1 3 + 0 .2 5 11 .67 + 1 ,04
Dry w e ig h t  (g) 2 .5 2 + 0 .3 7 3.31 + 0 ,0 4
P o l y s a c c h a r i d e 8 4 .5 0 + 3 4 .1 0 152.65 + 16 .58
M e t a b o l i t e s  (p m o le /g  d ry w e ig h t)
S u c c i n a t e 1 9 ,6 3 + 13 ,03 3,47 + 2 .28
M a la te 2 .7 8 + 1 .1 5 1.70 0 .5 3
d - k e t o - G l u t a r a t e 0 .3 8 + 0 .2 9 0 .0 5 + 0 .01
P r o p i o n a t e 14 .16 + 6 ,4 8 7.02 ± 2 .6 8
I s o - B u t y r a t e 1 .1 8 + 0 .4 2 0 .5 0 + 0 .1 6
B u t y r a t e 1 .0 8 + 0 .2 0 0 .71 + 0 ,17
I s o - V a l e r a t e 0 .1 9 + 0 .0 6 -
A la n in e 7 1 ,0 8 + 7.21 42 ,91 + 4 .1 5
L a c t a t e 6 ,4 3 + 1.71 4 .8 6 + 1,21
P y r u v a te 0 ,5 7 + 0 ,3 4 -
D. Sum o f  m e ta b o lite s  {pm ole/g dry w eight)
1 1 7 ,4 8  61.22
E, Sum o f  s u c c in a t e ,  p r o p io n a te  and a la n in e  (pm ole/g dry w eight)
1 0 4 .6 7 5 3 .4 0
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c o n c lu s io n  c a n  be d e r i v e d  c o n c e rn in g  t e m p e r a t u r e  and s e a s o n a l  e f f e c t s , co n ­
c e n t r a t i o n s  o f  a l l  m e t a b o l i t e s  w ere  h i g h e r  in  w in t e r  t h a n  in  stunner m u s s e l s .  
T h is  d i f f e r e n c e  may b e  p a r t i a l l y  a t t r i b u t e d  to  s a l i n i t y  (1 7 .1  o /o o  In  Decem­
b e r  1978 an d  14 ,4  o / o o  i n  Ju n e  1979) o r ,  more l i k e l y ,  t h e  c h an g in g  p h y s i o l o g ­
i c a l  s t a t e  o f  th e  o rg a n ism s  d u r in g  th e  warmer p e r i o d .
C o n c e n t r a t io n s  o f  K rebs  C y c le  I n t e r m e d i a t e s
The abundance  o f  K rebs  c y c l e  i n t e r m e d i a t e s  i n  v a r i o u s  t i s s u e s  o f  
G r a s s e s t r e a  v i r g l n i c a  and  w hole  G eu k en s ia  d em issa  d e te r m in e d  in  t h i s  s tu d y  
i s  shown i n  T ab le  6 ,  th o s e  o f  C r a s s o s t r e a  u l r a l n l c a  m a n t le  and o t h e r  o r g a n ­
isms a re  c o n p i l e d  in  T a b le  2 0 .  A lth o u g h  p r e c i s e  c o m p ar iso n  may be  i n a p p r o ­
p r i a t e  b e c a u s e  o f  v a r i a t i o n s  In  e x p e r i m e n t a l  c o n d i t i o n s  and a n a l y t i c a l  
m ethods , some t e n d e n c i e s  a r e  n o te w o r th y .  S u c c in a t e  c o n c e n t r a t i o n  in  nm ole /g  
w e t w e igh t v a r i e d  from  38 t o  510 In  G e u k e n s ia  demis sa  and  from 139 t o  479 I n  
C r a s s o s t r e a  v l r f t i n i c a  a s  d e te r m in e d  I n  t h i s  s tu d y  (T a b le  6 ) .  S u c c in a t e  was 
much lower th a n  th e  29 ,661  nm ole /g  w e t  w e ig h t  in  o y s t e r  m a n tle  r e p o r t e d  by 
Hamden and W ilb u r  (1959) b u t  was s i m i l a r  t o  240 i n  M v t i lu s  e d u l i a  (De Zwaan 
and Zandee, 1 972b). C o n c e n t r a t i o n s  o f  K re b s  c y c le  i n t e r m e d i a t e s  i n  C ra s -  
H o strea  v i r g i n i c a  and M v t i l u s  a d u l t s  d e te r m in e d  from t h i s  s tu d y  a r e  a l s o  
com parab le  to  th o s e  o f  r a t  (K u k s ls  and  P r i o r e a c h i ,  1967) and  g u in ea  p i g  (de 
S i l v a ,  1 9 7 1 ) .
M eta b o l ic  Scheme f o r  M o l lu s c a n  A n a e r o b i o s i s
As a  c o n c e p tu a l  t o o l  f o r  f o c u s in g  o n  f u r t h e r  e x p e r im e n t a t i o n  i n  a n a e r o ­
b i o s i s  w i th  l a m e l l l b r a n c h  m o l l u s c s ,  t h e  f o l lo w in g  h y p o t h e t i c a l  scheme ( F ig u re  
3) which b u i l d s  on t h a t  o f  o t h e r  w o rk e rs  ( G i l l e a ,  1972; Hochachka and M u s ta fa ,  
1972; Hochachka e t  a l . # 1973 ; De Zwaan e t  a l . ,  1973; De Zwaan e t  a l .  ,  1976; 
Hochachka, 1976; C o l l i c u t t  and  H ochachka, 1977) i s  p r o p o s e d .  The s a l i e n t
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FIGURE 8 A HYPOTHETICAL SCHEME OF GEUKENSIA DEMISSA ANAEROBIC 
METABOLISM.
D ouble  l i n e d  b o x  I s  m i to c h o n d r io n *
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f e a t u r e s  o f  t h i s  scheme a r e :
(1) th e  Emfeden-M eyerhof-Parnas scheme o f  g l y c o l y s i s ,
(2 ) c arbon  d i o x i d e  f i x a t i o n ,
(3 ) th e  Kteba c y c l e ,
(4 ) tra n sa m in a tio n ,
<5) p a r t  o f  t h e  e l e c t r o n  t r a n s p o r t  c h a in  f o r  fu m ara te  r e d u c t i o n ,  and
(6) m ethy l m alony l-C o  A a s  an I n t e r m e d i a t e  i n  t h e  fo r m a t io n  o f  
p ro p io n a te *
T his  In f o rm a t io n  I s  advanced  one a t a p  f u r t h e r  w i th  r e s p e c t  t o  c y t o s o l -  
m i to c h o d r i a i  c o m p ar tm e n ta tIo n  and re d o x  b a la n c e .  To d a t e ,  t h i s  I s  t h e  o n ly  
b i v a l v e  a n a e ro b ic  m e ta b o l i c  scheme w h ich  c o n ta i n s  a l l  th e s e  e s s e n t i a l  co n ­
s i d e r a t i o n s  and d i f f e r s  from  o t h e r s  b y  a c h ie v in g  r e d o x  b a l a n c e .
As a  p o i n t  o f  r e f e r e n c e ,  t h i s  p ro p o s e d  scheme s t a r t s  from g ly c o g e n .  
G lycogen , known t o  be  t h e  m ost im p o r ta n t  c a r b o h y d r a t e  r e s e r v e  f o r  b i v a l v e  
m e ta b o l ism ,  i s  b ro k e n  down to  p y r u v a te  v i a  t h e  Em bden-M eyerhof-Parnaa p a t h ­
ways, At t h i s  p o i n t ,  t h e  m ajo r  b r a n c h p o in t  o f  a e r o b i c  and a n a e r o b ic  m etab ­
o l is m  In  th e  c y t o s o l  I s  r e a c h e d .  T h is  b r a n c h p o in t  I s  c o n t r o l l e d  by p y ru v a te  
k in a s e  f o r  p y ru v a te  fo r m a t io n  and by  p h o s p h o e n o lp y ru v a te  c a r b o x y k ln a s e  f o r  
o x a l o a c e t a t e  f o r m a t io n ,  a component o f  th e  K rebs c y c le *
The Krebs c y c l e  c o u ld  a l s o  be  e n t e r e d  by t h e  fo r m a t io n  o f  m a l a t e ,  
c a t a l y z e d  by th e  a c t i o n  o f  m a lic  enzyme on p h o s p h o e n o lp y ru v a te  and c a rb o n  
d io x i d e .  M ala te  may b e  a b l e  t o  c r o s s  t h e  m i t o c h o n d r i a l  membrane, a s  In  
h ig h e r  o rgan ism s  (L e h n ln g e r ,  1970) and  t h u s ,  t h e  r e a c t i o n s  o f  t h e  c y t o s o l  
may be  c o u p led  th ro u g h  t h i s  s u b s t r a t e .  M ala te  d e h y d ro g e n ase  h a s  b e en  l o c a l ­
iz e d  In  b o th  th e  c y t o s o l  and  th e  m i to c h o n d r io n  o f  t h e  g i a n t  s c a l l o p ,  
P l f lc a p e c te n  m a a e l l a n ic u a  (O’D oherty  and  F e l th a m , 1 9 7 1 ) .
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The f u r t h e r  c o n v e r s io n  o f  m a la te  t o  s u c c in a te  by r e v e r s a l  o f  th e  s tep s  
o f  t h e  K rebs  c y c l e  has  b een  e x t e n s i v e l y  s t u d i e d .  These  s te p s  a r e  c a ta ly s e d  
by fu m arase  and fu m a ra te  r e d u c t a s e .  Both enzymes have  been  lo c a l i z e d  In  the  
m i to c h o n d r io n  o f  t h e  c lam , Rang l a  c tinea t a  (Chen and A uapara , 1969) and th e  
s c a l l o p ,  P la c o p e c te n  mage1I a n l c u s  ( 0 1D oherty  and  T e lthem , 1971), and M ytH ub 
e d u l i s  (AddInk and V eenhof, 1 9 7 5 ) .  In  t h i s  pathw ay, h ig h  energy  phosphate  
I s  g e n e r a te d  and NADPH i s  p ro d u ced  by s e v e r a l  r e d u c t iv e  s t e p s  In  the  
m i to c h o n d r io n .
In  c o n s id e r in g  th e  p i v l t a l  r o l e  t h a t  m a la te  may assume In  a n a e r o b lo s i s ,  
t h e  p a r t i a l  Bequence o f  t h e  K rebs c y c le
(m a la te  ^  o x a l o a c e t a t e  -+ c i t r a t e  -+ i s o - c i t r a t e  - m - k e t o - g l u t a r a t e )  
h a s  been  I n c o r p o r a t e d  In  t h i s  h y p o t h e t i c a l  a n a e ro b ic  scheme* This  i n t e r p r e ­
t a t i o n  d i f f e r s  from  t h a t  o f  Hochachka and h i s  a s s o c i a t e s  who argued  t h a t  a l ­
though  c i t r a t e  s y n t h e t a s e  h a s  norm al a c t i v i t y  In  m o llu sc a n  t i s s u e ,  t h e s e  r e ­
a c t i o n s  were u n d e s i r a b l e  u n d e r  an o x ic  c o n d i t i o n s  b e ca u se  an in c r e a s e  in  th e  
r e d u c t i v e  s t a t e  o f  t h e  c e l l  would r e s u l t  (Hochachka e t  a l . , 1975; F i e l d s ,  
1976; F i e l d s  e t  a l , ,  1976; F i e l d s  and H ochachka, 1976; Baldwin, 1978). In 
th e  scheme p ro p o sed  h e r e  ( F ig u re  8 , i n s i d e  b o x ) ,  redox  b a la n c e  i s  m a in ta in ed  
w i th  t h e s e  fo rw ard  r e a c t i o n s  and ATP c an  be g e n e r a te d  by re o x ld lz ln g  NADH. 
O th e r  enzymes w hich  c a t a l y z e  t h e s e  r e a c t i o n s  m a la te  dehydrogenase  (O1Doherty 
and F e l th a m ,  1971);  m a la te  enzyme (de Zwaan and van  M arrew ijk ,  1973b); l s o -  
c i t r a t e  d e h y d ro g e n ase  (AddInk and V eenhof, 1975) have been  d e te c te d  i n  the  
m o l lu s c a n  m i to c h o n d r io n .
I n  c o n t r a s t  t o  th e  c e n t r a l  p o s i t i o n  o f  m a la te  i n  a n a e r o b lo s i s ,  a l l  
s t u d i e s  on b i v a l v e  a n a e r o b ic  m e ta b o l ism  have  d e t e c t e d  a  c e r t a i n  d eg ree  o f  
a l a n i n e  a c c u m u la t io n  (T ab le  1 8 ) .  The s o u rc e  Of th e  a l a n i n e  I s  s t i l l
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q u e s t i o n a b le  b u t ,  a t  p r e s e n t ,  t h e  t r a n s a m i n a t i o n  o f  p y r u v a te  w i th  am ino a c id s  
I s  t h e  most w id e ly  a c c e p te d  schem e. The enzyme, a l a n i n e  a m i n o - t r a n s f e r a s e ,  
l o c a l i z e d  In  m o l lu sc a n  m i to c h o n d r ia  (A ddink and V e e n h o f ,  1 9 7 5 ) ,  l a  i n d i r e c t  
e v id e n c e  in  su p p o r t  o f  t r a n s a m i n a t i o n  a s  th e  s o u r c e  o f  a l a n i n e  f o r m a t i o n .  
However, a l t e r n a t i v e  schem es, such  a s  t h e  a l a n i n e  d e h y d ro g e n ase  r e a c t i o n ,  
have n o t  been c a r e f u l l y  exam ined. A la n in e  p l a y s  a n  I m p o r ta n t  r o l e  Ln r e g u ­
l a t i o n  o f  a e ro b ic  and a n a e r o b ic  m e ta b o l i s m  b e c a u s e  I t  i s  a  s t r o n g  i n h i b i t o r  
o f  p y r u v a te  k in a s e  a c t i v i t y  and i s  a  p o s i t i v e  m o d u la to r  t o  p h o s p h o e n o lp y r u v a te  
c a rb o x y k in a se  (M ustafa  and H ochachka, 1973a , b) .
As i n  th e  c a se  o f  a l a n i n e ,  p r o p i o n a t e  a c c u m u la te s  b u t  w i th  a  d i f f e r e n t  
tim e  c o u r s e ,  The mechanism o f  p r o p i o n a t e  f o r m a t io n  In  a n a e r o b ic  t i s s u e  has  
been  r e c e n t l y  s tu d ie d  l n  p a r a s i t i c  h e lm in th s  (T kachuck e t  a l . ,  1977- £az 
e t  a l .  ,  1970). A v a i l a b l e  e v id e n c e  i s  c o n s i s t e n t  w i t h  t h e  f o l l o w i n g  scheme:
Succlnyl-CoA -+ M ethylm alonyl-C oA  (A )
M ethylmalonyl-CoA + E -+ COj - E +  P ro p io n y l-C o A  (5)
P ro p  tony 1-CoA + S u c c in a t e  +■ P r o p i o n a t e  + M ethylm alonyl-C oA  (6)
COj - E + ADP + P I + C02 + ATP + E (7)
Sum
Succlnyl-CoA + S u c c in a te  + P r o p i o n a t e  + M ethy lm alonyl-C oA  (8)
+ ADP + P i  + COj +  ATP
A lth o u g h  th e  m e ta b o l ic  fo r m a t io n  o f  p r o p i o n a t e  i n  m o l lu s c s  has  n o t  b e e n  
exam ined , i t  i s  no t u n r e a s o n a b le  t o  p o s t u l a t e  a  s i m i l a r  p a th w ay .
56
I n  a d d i t i o n  t o  th e  a c c u m u la t io n  o f  in t e r m e d ia r y  m e t a b o l i t e s  and th e  
enzymes a s s o c i a t e d  w i th  them, redox  b a la n c e  I s  a l s o  an  im p o r ta n t  c o n s i d e r a ­
t i o n .  To f a c i l i t a t e  t h e  d i s c u s s i o n  o f  redox b a la n c e )  e n e r g y - r i c h  p h o s p h a te  
g e n e r a t i o n ,  m e t a b o l i t e  a c c u m u la t io n  and c o m p a r tm e n ta t io n ,  numbera a r e  a s ­
s ig n ed  t o  th e s e  compounds i n  t h e  model (F ig u re  8 ) ,  I n  k e e p in g  w i th  ca rb o n  
b a l a n c e ,  i t  l a  assumed t h a t  one  mole o f  g lu ta m a te  l a  m o b i l iz e d  s im u l ta n e o u s ly  
w i th  e v e ry  f iv e  m oles o f  g lu c o a ld e s  consumed. A b a la n c e  s h e e t  i s  p r e s e n t e d  
I n  T a b le  21 where re d o x  b a la n c e  la  m a in ta in e d  s e p a r a t e l y  i n  t h e  c y t o s o l  and 
th e  m i to c h o n d r io n .  The o v e r a l l  r e a c t i o n  may be  w r i t t e n  a s :
5 G lu c o s ld e s  + 1 G lu tam a te  +  2 Ct>2 + 2 CoASH + 24 ADF +  24 P i
5 S u c c in a te  + 1 A la n in e  + 2 P r o p io n a te  +  2 Succinyl-C oA  + 24 ATP , (9)
In  th e  above scheme ( 9 ) ,  g lu ta m a te  may be  in  an i n t e r n a l  p o o l  o r  d e ­
r iv e d  from  p r o t e i n  d e c o m p o s i t io n .  Carbon d io x id e  may be  a b so rb e d  from w a te r
o r  g e n e r a te d  by d e c a l c i f i c a t i o n  o f  t h e  s h e l l  u n d e r  t h e  an o x ic  c o n d i t i o n ,  a s  
p ro p o sed  by Crenshaw and N eff  (1969) and Wij smart (1975) f o r  M y t i lu s  e d u l i a .
Of t h e  24 ATP g e n e r a t e d ,  seven  aTe o b ta in e d  th r o u g h  o x i d a t i v e  p h o s p h o r y la ­
t i o n  a s  a r e s u l t  o f  t h e  f l a v i n - l i n k e d  fu m ara te  r e d u c t a s e  r e a c t i o n  (S az ,  197 1 ),  
w hereas th e  o t h e r s  a r e  a l l  th ro u g h  s u b s t r a t e  p h o s p h o r y l a t i o n .  The en e rg y  
e f f i c i e n c y  i s  4 .8  m oles o f  ATP from th e  s im u l ta n e o u s  consum ption  o f  one mole 
o f  g lu c o s e  and o n e - f i f t h  mole o f  g lu ta m a te ;  a co m p arab le  e f f i c i e n c y  was 
e s t im a te d  as s i x  m o les  o f  ATP from  each  mole o f  g lu c o s e  by De Zwaan e t  a l . 
(1976) .
F u r th e rm o re ,  t h e  two m olea  o£ succ lny l-C oA  may be c o n v e r t e d  t o  p ro p io n ­
a t e ;  t h u s ,  th e  o v e r a l l  r e a c t i o n  f o r  t h e  n ex t f i v e  m o les  o f  g l u c o s l d e s  i s ;
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TABLE 21
BALANCE SHEET OF ANAEROBIC METABOLISM OF 
GEUKENSIA DEHISSA ACCORDING TO THE HYPOTHETICAL SCHEME
NAPH Energy Rich CO2
R e a c t io n s  FADH  ^ P hospha te  P r o d u c t io n
A. C y top lasm
G lu c o s ld e  (5 ) ( l n  G lycogen)
F - 6 -P (5 )  + FOP(5) -5
G -3-P(10> ■+ l,3 -d p G A (1 0 ) 10
l,3 -dP G A (lO ) -+■ 3-PGA(10) 10
PEP (10) -+ QAA (10) 10 -10
OAA (10) -  M a la te  (10) -10
JL M ito c h o n d r io n
G lutam ate (1 )  mob 1 H e e d
M a la te  (1) ■+ OAA (1) 1
M a la te  <2) -+■ P y ru v a te  (2 ) 2 2
P y ru v a te  (1 ) ■+ A cety l-C eA  (1) 1 1
i s o - C i t r a t e  (1) ■+ a-kGA (1 )  1 1
a-kCA (2) -  Succlny l-C oA  (2) 2 2
M ethylm alonyl-CoA (2) -+ P rop lony l-C oA  (2) 2 2
Fum arate  (7) '+■ S u c c in a t e  (7 ) -7  7
Sunt 0  2 4  - 2
5 G lu c o s ld e s  +  1 G lu ta m a te  + 2 C0£ + 24 ADP + 24 P i  + 2 6  CoASH -+
5 S u c c in a t e  + 1 A la n in e  + 2 P r o p io n a t e  + 2 Succinyl-C oA  + 24 ATP
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5 G lu c o s ld e s  + 1 G lutam ate  + 2 Succlnyl-CoA + 2 CoASH + 26 ADP + 26 P i  -+
3 S u c c in a te  + 1 A lan ine  + A P ro p io n a te  + h Succlnyl-CoA + 26 ATP * (10)
P ro p io n a te  fo rm a tio n  la  coupled w ith  s u c c in a t e  a s  shown I n  t h i s  m odel 
( F ig u re  8 ) .  Thus, t h l e  cou p lin g  may e x p la in  t h e  lag o f  p r o p io n a te  accum ula ­
t i o n  and the  n o n -accum ula tion  o f  s u c c in a te  u n d e r  the  hypox ic  c o n d i t io n  ( F ig ­
u re  7 ) ,  In  c o n t r a s t  to  an ae ro b ic  mo 11uscan  metabolism* th e  pathways o f  
a e r o b i c  m etabolism  In  m olluscs would be s i m i l a r  to  t h a t  o f  h ig h e r  o rg a n is m s .  
The n e t  r e a c t io n  may be w r i t t e n  a s :
1 G lucoslde  + 6 0 2 + 6 CO2  + 6 H2 O + 37 ATP . (11)
Of the  37 m oles of ATP g e n e ra te d  a e r o b i c a l l y  (L eh n ln g e r ,  1970), 32 
m oles a re  th rough  o x id a t iv e  p h o s p h o ry la t io n  w i th  oxygen a s  f i n a l  e l e c t r o n  
a c c e p t o r ,  the  p r im ary  reason  f o r  the  g r e a t e r  e f f i c i e n c y  o f  a e r o b ic  m e ta b o l i sm .  
Thua, b iv a lv e  a n a e ro b ic  m etabolism  i s  somewhere between th e  h ig h ly  e f f i c i e n t  
a e r o b ic  m etabo lism  and the  l e s s  e f f i c i e n t  p ro d u c t io n  o f  e t h a n o l  by f e rm e n ta ­
t i o n  o r  a cc u m u la t io n  o f  l a c t a t e  by a n a e ro b ic  m uscle g l y c o l y s i s .
Although a n a e ro b ic  m etabolism  as p r e s e n te d  he re  I s  o n ly  13% as e f f i c i e n t  
a s  a e r o b ic  m etabo lism  In  energy p ro d uc tion*  t h e r e  was no c l e a r  i n d i c a t i o n  o f  
i n c r e a s e d  g lu c o se  consumption under th e  hypoxic  c o n d i t io n .  A p o s s ib le  e x ­
p l a n a t i o n  I s  t h a t  b iv a lv e s  may d e c re a s e  t h e i r  energy  u t i l i z a t i o n  under oxygen 
d e f ic ie n c y *  as  s u g g es te d  by McCarthy (1969), Bayne (1971, 1973* 1975),
De Zwaan and Wijsman (1976), De Zwaan e t  j l l .  (1976) and P h l l l e y  (1978).
In  c o n c lu s io n ,  t h i s  s tudy  de term ined  t h a t  s u c c in a t e ,  p r o p io n a te  and 
a l a n i n e  accum ulated when the  r ib b e d  m u sse ls ,  Geukensia d em lssa  were h e ld  
h y p o x lc a l ly .  T h is  r e s u l t  I s  c o n s i s t e n t  w ith  th o s e  o b ta in e d  f o r  MytHue e d u l i s ,  
Anodonta cygnea and Cardium ed u le  by o th e r  i n v e s t i g a t o r s .  T hus, the  e v id e n c e  
p r e s e n t e d  from t h i s  s tu d y  and t h a t  o f  th e  l i t e r a t u r e  I n d i c a t e s  th a t  most b i ­
v a lv e  m o llu scs  hove s im i la r  m e ta b o l ic  pa thw ays.
SUMMARY
1, A n ae ro b ic  m e tab o lism  h as  been  I n v e s t  l a s t e d  In  t h e  i n t e r t i d a l  b i v a l v e ,  
G eukenaia  d e n i s s a . In  o r d e r  t o  g e n e r a l i z e  and e l a b o r a t e  o n  e a r l i e r  
s t u d i e s ,  u s in g  o th e r  b i v a l v e s ,  G eukens ia  d e m issa  La ta x o n o m ic a l ly  
and e c o l o g i c a l l y  s i m i l a r  to  H y t l l u s  e d u l i s  and a n a e r o b ic  m e tab o lism  
i s  b e l i e v e d  to  be  e s s e n t i a l  f o r  s u r v i v a l  d u r in g  a i r  e x p o su re  p e r i o d s .
2,  Specimens o f  G eukenela  dem iesa  w ere  m a in ta in e d  In  e i t h e r  a e r a t e d  o r  
hypox ic  w a ter  f o r  up t o  fou r  d a y s .  M ajor m e t a b o l i t e s  and p o l y s a c ­
c h a r id e  o f  each m u sse l  were th e n  a n a ly z e d  and com pared.
3 , To d a t e ,  t h i s  i s  t h e  f i r s t  s tu d y  o f  b iv a lv e  a n a e r o b ic  m e ta b o l ism  in  
which a l l  th o s e  con founds  w ere m easured  i n  each  i n d i v i d u a l  o rg an ism  
in s t e a d  o f  p o o le d  t i s s u e s *
4* Both d e f in e d  te rm  and tim e c o u r s e  s t u d i e s  were c o n d u c te d  u s i n g  m u s se ls  
under  w in te r  and suraser c o n d i t i o n s .
5. A s e n s i t i v e  g a s - l i q u i d  ch rom atograph1c  method which a n a ly z e s  sev en
Krebs c y c le  I n te r m e d ia te s  s im u l ta n e o u s ly  was ad o p ted  f o r  t h i s  i n v e s t i ­
g a t i o n  a f t e r  s a t i s f a c t o r y  t e s t s  w i th  o y s t e r s ,  C r a s s o s t r e a  v t r g t n i c a . 
W ith in  th e  group o f  Krebs c y c l e  i n t e r m e d i a t e s ,  o n ly  s u c c i n a t e  h a s  been  
a n a ly z e d  by o th e r  I n v e s t i g a t o r s  o f  b i v a l v e  a n a e r o b ic  m etabo lism *
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6. In  G eukensla  d e m is s a » s u c c i n a t e ,  p rop  I n n a t e  and  a l a n i n e  a c c u m u la te d  
h y p o x lc a l l y  b u t  n o t  m a la t e ,  a - k e t o - g l u t a r a t e ,  c l s - a c o n l t a t e ,  c i t r a t e ,  
i s o - b u t y r a t e ,  b u t y r a t e ,  I s o - v a l e r a t e ,  l a c t a t e  n r  p y r u v a te .  The p o ly ­
s a c c h a r i d e  c o n t e n t  o f  e ac h  m u sse l  was q u i t e  d i f f e r e n t  and  d id  n o t  show 
a  c l e a r  i n d i c a t i o n  o f  d e c r e a s e  u n d e r  t h e  h y p o x ic  c o n d i t i o n .
7, P r o p io n a t e  p r o d u c t io n  was shown t o  f o l lo w  s u c c i n a t e  a c c u m u la t io n ,
w hich  c o r r o b o r a t e s  an  e a r l i e r  r e p o r t  f o r  f f i t l l u s  e d u l l e .  The l i n e a r  
i n c r e a s e  o f  a l a n i n e  c o n c e n t r a t i o n  w i th  I n c r e a s i n g  d u r a t i o n  o f  th e  
hypox ic  p e r io d  o b se rv ed  In  t h i s  s tu d y  has  n o t  b een  r e p o r t e d  p r e v i o u s l y ,
8 . R e s u l t s  o b ta in e d  from t h i s  s tu d y  a r e  c o n s i s t e n t  w i th  th o s e  d e r i v e d  f o r
W v tl lu s  e d u l l s . Anodonta cvftnea and  Cardlum e d u l e  by o t h e r  I n v e s t i g a ­
t o r s ,  T hus, t h e s e  d a ta  s u g g e s t  t h a t  s i m i l a r  a n a e r o b ic  m e ta b o l i c  p a t h ­
ways e x i s t  among b i v a l v e s .
9, A h y p o t h e t i c a l  scheme o f  b i v a l v e  a n a e r o b ic  m e ta b o l ism  i s  p ro p o s e d  in
w hich  re d o x  b a la n c e  i s  a c h ie v e d  i n  b o th  c y t o s o l  and  m i to c h o n d r i a .  T h is  
scheme i n c o r p o r a t e s  p a r t s  o f  t h e  Em bden-M eyerhof-Parnaa g l y c o l y t i c  
p a th w a y s ,  c a rb o n  d io x id e  f i x a t i o n ,  t h e  K rebs c y c l e ,  t r a n s a m i n a t i o n  and 
pa thw ays f o r  p r o p io n a t e  f o r m a t io n .  To d a t e ,  t h i s  i a  t h e  o n ly  b i v a lv e  
a n a e r o b ic  m e ta b o l ic  scheme w hich  c o n ta i n s  a l l  t h e s e  e s s e n t i a l  c o n s id e r a ­
t i o n s .
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A b b re v ia t io n s
B, METABOLITES
F u l l  Name
a-kGA a - k e t o - g l u t a r a t e
1,3-dPGA 1 ,3 - d i p h o s p h o g l y c e r a t e
FDP D - f r u c t o s e - 1 , 6 - d i p h o s p h a te
F-6 -P D - f r u c t o s e - 6 - p h o s p h a t e
G -l-P D - g lu c o s e - 1 - p h o s p h a t e
G-3-P g l y  c e  r a ld e h y d  e - 3 - p h o s p h a t  e
G-6-P D -g lu c o H e -6 -p h o s p h a te
oaa oxa l o a c  e t a  t e
PEP pho sphoe  no l p y r u v a t e
2-PGA 2 -p h o  sp h o g ly c  e r a t  e
3-PGA 3 - p h o s p h o g l y c e r a t e
VTA v o l a t i l e  f a t t y  a c i d
C2 a c e t i c  a c i d - e t h a n o l c  a c i d ,  a c e t a t e
C3 p r o p i o n i c  a c id » p r o p a n o £ c  a c i d ,  p r o p i o n a t e
ieo -C 4 i s o - b u t y r i c  a c i d fc2 - m e th y l - p r O p a n o lc  a c i d ,  
I s o - b u t y r a t e
C4 n - b u t y r i c  a c i d » n - b u t a n o i c  a c i d ,  n - b u t y r a t e
is o -C j i s o - v a l e r i c  a c i d * 3 - m e t b y l - b u t a n o i c  a c i d ,  
l s o - v a l e r a t e
C5 n - v a l e r i c  a c i d - n - p e n t a n o l c  a c i d ,  n - v a l e r a t e
C, COENZYHES
A b b re v ia t io n s  F u l l  Name
ADF a d e n o s in e  d ip h o sp h a te
ATP a d e n o s in e  t r i p h o s p h a t e
CoASH coenzyme A
FAD f l a v i n e  a d e n in e  d i n u c l e o t l d e  ( o x id i s e d )
FADH2 f l a v i n e  a d e n in e  d i n u c l e o t l d e  ( red u c ed )
GDP g u an o g ln e  d ip h o s p h a te
GTP g u a n o s in e  t r i p h o s p h a t e
1DP I n n s in e  d ip h o s p h a te
ITP 1n o a tn e  t r i p h o s p h a t e
NAD n ic o t in a m id e  a d en in e  d i n u c l e o t l d e  ( o x id i z e d )
NADU n ic o t in a m id e  a d en in e  d i n u c l e o t l d e  ( r e d u c e d )
NADP n lc o t ln a m ld e - a d e n in e  d i n u c l e o t l d e  p h o s p h a te  
(o x id iz e d )
NADPH n lc o t ln a m ld e - a d e n in e  d i n u c l e o t l d e  p h o s p h a te  
(red u c ed )
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